(MASA-CR-102005) DEFfEC1 CELMISinY ANL NE2=-24Y62

CHARACTERIZ4ALIUN CF Hy sUE 1x Cd SUB x Te
rinal Report, 1o Dec. 157t - 17 Feb. 1982

(Honeywedl Electrc-uptics Center) 7 f Unclias
HC AQ2/MF AO1 CSCL 2J0L G3/76 (9954
NASA CONTRACTOR
REPORT
NA5A CR-162005

DEFECT CHEMISTRY AND CHARACTERIZATION OF Hgy.,Cd,Te

By H. R. Vydyanath

Honeywell Electro-Optics Operations
2 Forbes Road

Lexington, Massachusetts 02173

Final Report

February 1982

Prepared for

NASA-Goerge C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

-

Py

P P T T S

S B o3 T AN E g A o Y

ke i



. 47”?"{"

N82-24992

NASA CONTRACTOR
REPORT

’ NASA CR-162005

DEFECT CHEMISTRY AND CHARACTERIZATION OF Hg, _,Cd,Te

By H. R. Vydyanath

Honeywell Electro-Optics COperations
2 Forbes Road

Lexington, Massachusetts 02173

Final Report

February 1982

Preyared for

NASA-Gcerge C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

Jore




1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA CR-162005

s Tl

I

B B R Ay

4. Title and Subtitle 5. Report Date
February 1982
Defect Chemistry and Characterization of Hgl_xCdee 6. Performing Orgamization Code
7. Author(s) 8. Performing Organization Report No.
8203-1
H. R. Vydyanath 10. Work Unit No.
9. Performing Organization Name and Address
Honeywell Electro-Optics Operations 11. Contract or Grant No.
2 Forbes Road
Lexington, Massachusetts 02172 NAS8-33245

13. Type of Report and Period Covered

| eme e

12. Sponsoring Agency Name and Address
Contractor Report

National Aeronautics and Space Administration 14. Sponsorine Agenry Code
Washington, DC 20546

15. Supplement2y Notes

Contract Monitor: Valmore Fogle, Materials Processing in Space Projects Office
Marshall Space Flight Center, Alabama 35812

. Abstract

Single-crystal samples of undoped and doped Hg, Cd Te were annealed at varying temperatures
and partial pressures of Hg. Hall effect and mobili%;xmegsurements were carried out on these
samples after quenching to room temperature. Based on the variation of the carrier concentration
and the carrier mobility as a function of the partial pressure of Hg temperature, and dopant
concentration, defect models have been established for the doped and the undoped crystals. These
models indicate that the native acceptor defects in both Hgo Cd 2Te and Hgo Cd_. ,Te are doubly
ionized and the native donor defects are negligible irn conceﬁgragion, implying that p-to-n conver-
sion ia these alloys occurs due only to residual donors. Incorporation mechanisms of copper,
indium, iodine and phosphorus have been investigated. Copper and indium appear to occupy only Hg
lattice sites acting as single acceptor and single donor, respectively; whereas, iodine is found
to act as a single donor occupying only Te lattice sites. A large concentration of indium is
found to be incorporated as InzTe3 with only a small fraction acting as donors. In crystals doped
with iodine, a large fraction 6f Iodine is found to be paired with the native acceptor defects.
Results or crystals doped with phosphorus indicate that phosphorus behaves amphoterically, acting
as a donor on Hp lattice sites and as an acceptor intersitially on Te lattice sites. A majority
of the phosphorus is found to be present as neutral species formed from the pairing reaction be-
tween phosphorus on Hg lattice sites and phosphorus in interstitial sites. Equilibrium constants
for the intrinsic excitation reaction, as well as for the incorporation of the different dopants
and the native acceptor defects, have all been established. These constants satisfactorily explain
all the experimental results in the undoped as well as the doped crystals.

As a result of the work performed on this program, it is possible to predict the nature and
concentration of defects obtained in Hg, Cd Te compounds as a function of the annealing temper-
ature, partial pressure of Hg, and dopant coficentration. It is now possible to vary the concen-
tration of defects controllably as a function of the crystal preparation conditions and in turn
correlate the physical characteristics, such as carrier lifetime and carrier concentrations with

defect centers in the crystals.
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SECTION 1
FOREWORD

This technical report covers the work performed by Honeywell
Electro-Optics Operations, Lexington, Massachusetts from Oecember 18, 1978 to
February 17, 1982 under the NASA sponsored program entitled "Defect Chemistry
and Characterization of (Hg,Cd)Te" on Contract NAS8-33245, The objective of
this program is to study and formalize the defect chemistry of (Hg,Cd)Te and to
evaluxte and select characterization methods for the material.

The principal investigator is Dr. H. R. Vydyanath, providing the
overall technical direction for tiwe program. Technical assistance during the
various phases of the program has been provided by D. A. Nelson, J. C. Donovan,
P. Crickard, A. Barnes, and R. C. Abbott. R. A. Lancaster and D. A, Nelson
generously furnished all the crystals required for the program,
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SECTION 2
INTRODUCTION

Hg).xCdxTe is a variable bandgap alloy semiconductor extensively
used for infrared applications. Detector performance close to the theoretical
limits imposed by infrared imaging systems requires extreme control for compo-
sitional uniformity, carrier concentration, and carrier lifetime. The program
deals with the study of the nature and concentration of the lattice defects
incorporated into Hg;_yCdyTe alloys as a function of the physiochemical
conditions of preparation; namely, the temperature, the partial pressures of
the constituent elements, and/or the concentration or the activity of the
dopant being incorporated.

Undoped, donor-doped, and acceptor-doped Hg;_xCdyTe samples are
annealed at various temperatures in suitable Hg atmospheres. The samples are
quenched to room temperature from the high temperatures. Hall effect and
resistivity measurements are carried out at 77 K to determine ths carrier con-
centrations and mobilities. The variation of the carrier concentrations as a
function of the partial pressure of Hg and/or the dopant concentration is used
to arrive at defect models for the doped and the undoped crystals.

At the end of the 36 month period of the program, significant accom-
plishments have been made toward understanding the nature of lattice defects
and the mode of incorporation of different dopants. For the first time in
literature, the defect structures of undoped Hgy, ¢Cdg,4Te (s) undoped,
copper doped, indium doped, iodine doped, and phosphorus doped Hgg, gCdg, 2T
(s) have all been established. The native acceptor defects have been found to
be doubly ionized both Hgg ¢Cdg,4Te (s) and Hgp, gCdo, 2Te (s). Native
donor defects are found to be negligible in concentration in these alloys and
the origin of p-type to n-type conversion has been shown to be due to residual
foreign donors and not due to native donor defects.

2-1
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Of the dopants studied, copper and indium have been found to occupy
only Hg lattice sites acting with single acceptor and donor electrical activi-
ties respectively, whereas iodine is found to act as a single donor occupying
only Te lattice sites. A large concentration of indium is found to be incor-
porated as In,Te3 with only a small fraction acting as donors. Crystals doped
with iodine are found to be saturated with the metal iodide with a large frac-
tion of iodine being paired with the native acceptor defects. Results on
crystals doped with phosphorus indicate that phosphorus behaves amphoterically
acting as a donor on Hg lattice sites and as an acceptor interstitially on Te
lattice sites. Thermodynamic constants have been established for the incorpor-
ation of the native defects as well as the different donants. These constants
satisfactorily explain all the experimental results.

The following presentations and publications have resulted from the
work performed throughout the duration of this program

1. H. R. Vydyanath, D. A. Nelson, et al, "(Hg;.xCdy)Te Material Studies,"”
Proceedings of the IRIS Detector Specialty Group Meeting, Minneapolis, MN,
15-17 June 1979, p. 29.

2. H. R, Vydyanath, D. A. Nelson, and R. A, lancaster, "Defect Chemistry and
%haracterization of (Hg;_xCdy)Te," J. of Electrochem. Soc. 126, 371C
1979).

3. H. R. Vydyanath, "Defect Studies in Hgg, gCdg, 2Te," Presented at the
Conference on the "Crystal Growth and Characterization of II-VI Com-
pounds," University of Lancaster, U. K., 14-16 April 1980,

4, H. R. Vydyanath, “"Lattice Defects in Semiconducting Hg;_xCdyTe
Alloys," I-Defect Structure of Undoped and Copper Doped Hgg, gCdy,2Te,
J. Electrochem, Soc. 128, 2609 (1981).

5. H. R. \Vydyanath, “lLattice Defects 1in Semiconducting Hg;_yCdyTe
Alloys," II-Defect Structure of Indium Doped Hgg, gCdg, ,Te, J. Electro-
chem. Soc. 128, 2619 (1981).

€. H. R. Vydyanath, J. C. Donovan, and D. A, Nelson, "Lattice Defects in
Semiconducting Hg;.,CdyTe Alloys," III-Defect Structure of Undoped
Hgg.eCdg.uTe, J. Electrochem. Soc. 128, 2625 (1981).

7. H. R. Vydyanath, D. A. Nelson, J. C. Donovan, P. Crickard, and R. C.
Abbott, "Role of Lattice Defects in Undoped and Doped Hg,._xCdxTe
Alloys," HCT Workshop, Minneapolis, MN, 28-30 October 1981,
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10.

H. R. Vydyanath, D. A. Nelson, R. C. Abbott, J. C. Donovan, and P.
Crickard, "Point Defects 1in Undoped and Doped Hg,_xCdyTe Alloys,"
Materials Research Society Annual Meeting, Boston, MA, 16-19 November

1981.

H. R. Vydyanath and F. A. Kroger, "Doping Behavior of Ilodine in
Hgo, gCd o, 2Te," J. Electronic Materials, 11, 111 (1982),

H. R. Vydyanath and R. C. Abbott, "Mode of Incorporation of Phosphorus in
Hgo, gCd o, 2Te," (Submitted to Appl. Phys. November 1981).
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SECTION 3
TECHNICAL DETAILS

Hall effect and electrical resistivity measurements were the main
tools utilized in characterizing the defects in the present program. The
variation in the carrier concentration and carrier mobility in the crystals--
cocled to room temperature subsequent to anneals at high temperatures under
different partial pressures of Hg--was used to arrive at defect models in the
undoped as well as the doped crystals. This section, dealing with the work
performed from December 18, 1978 to February 17, 1982, presents the technical
details of the work in the form of five papers which were submitted for publi-
cation in scientific literature. Of these, four have already been published in
the journals of Electrochemical Society and Electronic Materials. The fifth
one has been submitted to the Journal of Applied Physics and has not yet been
published. The details of the publications; the titles, the authors' names,
the name of the journal and the page numbers are furnished below.

1. H. R. \Vydyanath, ‘"Lattice Defects in Semiconducting Hgj_xCdyTe
Alloys," I-Defect Structure of Undoped and Copper Doped Hgo  gCdo 2Te,
J. Electrochem, Soc. 128, 2609 (1981).

2. H. R. Vydyanath, ‘'Lattice Defects in Semiconducting Hg_,Cd,Te
Alloys," Il-Defect Structure of Indium Doped Hgg gCdg oTe, J. Electro-
chem, Soc. 128, 2619 (1981).

3. H. R. Vydyanath, J. C. Donovan, and D. A. Nelson, "Lattice Defects in
Semiconducting Hqg,_,Cd,Te Alloys," IIl-Defect Structure of Undoped
Hgo .6Cdp uTe," J. Electrochem, Soc. 128, 2625 (1981).

4. H. R, Vydyanath and F. A. Kroger, "Doping Behavior of lodine in
Hgo ,gCdg  2Te," J. Electronic Materials, 11, 111 (1982).

5. H. R, Vydyanath and R. C. Abbott, "Mode of Incorporation of Phosphorus in
Hgo  gCdg _oTe," (Submitted to J. Appl. Phys. November 1981).

The napers describe the background material, the experimental details
and the analyses of the data. Defect models for undoped Hgy gCdg ,Te and
Hgo .¢Cdg ,,Te, as well as for copper, indium, iodine and phosphorus doped
Hgo ,gCdg ,2Te have been proposed. Thermodynamic constants for the incorpor-
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ation of the native defects, dopant defects and the intrinsic excitation
process have all been arrived at. These constants satisfactorily explain the
experimental results in the undoped as well as the doped crystals.
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3.1 DEFECT CHEMISTRY AND CHARACTERIZATION OF UNDOPED AND COPPER DOPED
Hgo, gCdo, 2Te
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Reprinted from JounnaL or rRe ELECTROCREMICAL SOCIRTY

ORIGINAL PALGE IS
OF POOR QUALITY

Vol 128. No 12, December 1981

Printyd in U.5.A

Copyright 1981

Lattice Defects in Semiconducting Hg.-.Cd.Te Alloys

| Defect Structure of Undoped and Copper Doped Hg Cd Te

H. R. Vydyanath*
Honeywell Electro-Optics Center, Lexington, Massachusetts 02173

ABSTRACT

Undoped Hgo sCdy2Te crystals were subjected to high temperature equil-
ibration at temperatures ranging from 400° to 655°C in various Hg atmo-
spheres. Hall eftect and mobility measurements were carried out on the crys-
tals quenched to room temperature subsequent tn the high temperature
equilibration. The variation of the hole concentration in the cooled crystals
at 77 K as a function of the partial pressure of Hg at the equilibration t2m-
peratures, together with a comparison of the hole mobility in th. uidoped
samples with that in the copper-doped samples, has yielded a defect n..1¢1 for
the undoped HgysCdo2Te crystals, according to which, the undoped crystals
are essentially intrinsic at the equilibration temperatures and the native
acceptor defects are doubly ionized. Native donor defects appear t« be negli-
gible in concentration, implying that the p-to-n conversion in these alloys is
mainly due to residual foreign donor impuritiass. The thermodynamic con-
stants for the intrinsic excitation process as well as for the incorporation of
the doubly ionized native acceptor defects in the undoped crystals have been
arrived at. Copper appears to be incorporated on metal lattice sites acting as
a single acceptor with little compensation. Results on th- heavily copper-
doped samples indicate that the quench from the equilibra.. n temperatures
was imperfect resulting in a large fraction of the copper pre pitating during
the quench. From results of experiments where the cooliny rate from the
equilibration temperatures was intentionally varied in the undoped samples, a
qualitative correlation was established between the quenching efficiency and
the presence of macroscopic defects such as voids and inclusions in the

samples.

The importance of the pseudobinary semiconducting
Hg,-:Cd,Te alloys as a useful infrared detector mate-
rial has long been recognized (1, 2). The bandgap of
these alloys is variable depending on the proportions
of HgTe and CdTe present in them; the variable band-
gap makes these alloys suitable for infrared detector
applications over a wide spectral range.

Considerable deviations from stoichiometry arise in
these alloys prepared at elevated temperatures; these
deviations result in electrically active point defects
which in turn influence the carrier concentration and
the lifetime in the material. Very little information
exists on the systematic investigation of the nature of
defects and the variation of the concentra ‘on of these
defects in these alloys as a function of the physico-
chemical conditions of preparation. In fact, much dis-
agreement prevails regarding the origin of p-type to
n-type conversion in these alloys (2-5).

As part of a program aimed at investigating the de-
fect structure of the undoped Hg;-  .Cd;Te alloys as
well as the mode of incorporation of dopants, the pres-
ent paper reports on the study of the undoped and
copper -doped Hgo sCdo sTe.

Based on the results of Hall effect and mobility
measurements on the undoped and copper-doped crys-
tals quenched to room temperature subsequent to high

¢ Electrochemical Society Active Member.

Key words. lattice, defects, copper doping, Hg:-.Cd.Te, hole
mobility, semiconductors
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temperature equilibration, defect models for the un-
doped and copper-doped Hgo.4CdpsTe have been ar-
rived at. Thermodynamic constants for the intrinsic
exciwtion constant and the incorporation of the native
acceptor defects have been evaluated. These constants
satisfactorily explain the electrical data in the undoped
as well as the copper--doped crystals.

Experimental

Starting material.—The compositional uniformity of
the Hg;-:Cd,Te alloy samples used in the investigation
was ¥ = 0.2 = 0.005. Most of the experiments were
carried out with starting material that was free of
macroscopic defects such as precipitates, pores, and
Hg or Te inclusions; in a few experiments where the
intent was to establish the effect of macroscopic defects
on the efficiency of quenching the high temperature
equilibrium, material with a relatively high density
of voids and inclusiuns was used. In order to assure
ourselves that equilibrium was attained at tempera-
tures as low as *.9°-480°C within reasonable annealing
periods (2-3 weels), and also to increase the efRciency
of quenching the high temperature equilibrium, the
thickness of m~st of the HgosCdy 2Te samples used in
the present investigation was restricted to = 0.04 cm.
The residual donor or acceptor concentration in the
start:ing undoped Hg;sCdo2Te material was = 10¢
em-~

v e s m
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Copper doping.— -Doping to different concentrations
of copper was obtained by evaporating various amounts
of copper on to the surface of the undoped samples and
subsequently diffusing in the copper in a known atmo-
sphere of Hg. Copper concentration obtained in the
doped samples was determined by atomic absorption
analysis carried out by Pholometrics, Incorporated,
Lexington, Massschusetts.

It is to be noted that the samples used for copper
diffusions at temperatures below 400°C had been pre.
viously annealed at 250°C for several months in order
to reduce the native acceptor defect concentration to
less than 10!® em—3. Since copper has a high diffusivity
in Hg1-:Cd;Te alloys (6-7), diffusion times of 6-8
weeks were found adequate for uniform doping of sam-
ples (0.04 cm thick) at temperatures below 400°C; uni-
form doping at these temperatures was confirmed by
sequentially lapping away the material from both sides
of the samples and making certain that the hole con-
centrations did not change.

High temperature annealing.—Prior to the anneals,
crystals were cleaned in organic solvents followed by
a Br-methanol etch and a final rinse in DI water. An-
nealing experiments in various partial pressures of Hg
were carried out in evacuated quartz ampuls contain-
ing a small amount of Hg also, to obtain the desired
Hg vapor pressure. In those experiments where the de-
sired Hg pressure was high enough, an isothermal setup
was used where the free Hg and the HgosCdpsTe
samples were kept at the same temperature; the vapor
pressure of Hg in such a setup depended on the amount
of free Hg in the ampul and the volume of the ampul.
In experiments where the desired Hg pressure was
low a two-temperature zone setup was used; the
Hgo.sCdo :Te crystals were kept at the higher tempera-
ture end of the ampul and the free Hg at the lower
temperature end; the vapor pressure of Hg obtained
corresponded to the saturation pressurc J)f Hg at the
lower temperature and was independent of the amount
of Hg in the ampul. The limits of Hg pressure, within
which the solid is stable at a given teroerature, were
obtained from the partial pressure-temperature data
for HgTe (8) and Hg,-,Cd.Te alloys (8-10).

Equilibration periods ranging from 16 to 24 hr were
used for annealing at temperatures of 500°C or greater
and a two week equilibration was used for annealing
temperatures of 460° and 400°C. Subsequent to the an-
neals, © samples were rapidly quenched in ice water,
to freez. (n as m'ich of the high temperature equilib-
rium as possible; in a few cases the samples were air
cooled from the equilibration temperatures.

Electrical measurements.—Hall effect and resistivity
measurements were made using the van der Pauw
method (11). Magnetic field strengths of 400 and 4000G
were used for the measurement of the Hall coefficient.

Results
Only those Hell coefficient measurements where the
Hall coefficient Ry did not vary with varying magnetic
field st ength, (400-4000G) were used in evaluating the
hole concentrations in the crystals. This ensured that
the samples did not show mixed conduction (12) and
the carrier concentration was given by

1
|Rulq

Figure 1 shows the variation of the Hali coeficient as
a function of the temperature of measurement for the
undoped samples equilibrated at different temperatures
under known partial pressures of Hg and qu-=ched to
room temperature. It is evident from the fi_ .e that at
temperatures exceeding 145 K the contribution from
the intrinsic carriers becomes important, whereas at
temperatures between 77 and 145 K the Hall coefficient
is temperature independent indicating that the native

NAAAN  ~a
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Fig. 1. Moll coefficient a3 o function of neasurement tempera-
ture for undoped Mgo.sCdos samples equilibrated ot the indicated
temperatures ond partial pressures of Hg ond quenched to room
temperaturs.

acceptors are completely ionized at 77 K for concentra-
tions ranging from 1017 to 10!® em~3, Based on this in-
ference, all the Hell effect measurements on the un-
doped samples were carried nut at 77 K, and the re-
sulting hole concentration was assumed to give a mea-
sure of the native acceptor defect concentration in-
corporated at the higher equilibration temperatures.
Figure 2 shows the hole concent-ations at 77K as
a function of the partial pressure of Hg for the un-
doped crystals annealed at various temperatures and
quenched to room temperature. The samples are in-
veriably p-type for all partial pressares o1 Hy
(throughout the existence region) at teimnperatures
greater than 400°C and the hole concentration is
roughly inversely proporticnal to the partial pressure
of Hg, pug. Phase boundary limits at each temperature
are indicated by arrows in the figure. The solid lines

PARTIAL PRESSURE OF My Arm

Fig. 2. Hele concentration ot 77 K os o function of the partial
pressure of Hg for undeped Heo sCdo 2 crystols onnealed ot variows
equilibretion temperatures end quenched to room temperature;
solid lines correspond tu the velues colkculated on the betis of the
defoct model discussed in the text.
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shown in the figure correspond to the hole concentra-
tions calculated on the basis of the defect model for
the undoped crystals, to be dizcussed later.

Figure 3 shows the variation of the Hall coefficient as
a function of the temperature of measurement for
crystals doped with different copper concentrations.
Just as with the undoped crystals, most of the copper
present in the electrically active form appears to be
completely ionized between 77 and 145 K, and at tem-
peratures greater than 145 K the contribution from the
intrinsic carriers becomes significant. The total amount
of the electrically active copper ccncentration in the
samples was inferred {rom the hole concentrations cb-
tained at 143 K.

Figure 4 shows the hole mobility at 77 K for the un-
doped crystals as a function of the hole concentration.
The data indicate that the hole mobility decreases with
increase in hole concentration. Figure 5 shows the hole
mobility at 77 K in various copper-doped samples. The
temperatures at which the various copper difi.sions
were done are also indicated in the figure. It is ap-
parent from Fig. 4 and 5 that the copper-doped samples

¢
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Fig. 3. Hall coefficient a3 o function of measu cment temperature
for copper-doped Heo sCdo 2 crystals.
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Fig. 4. Experimental and calkulated hole mobility at 77K a3 o
function of the hole concentration for undoped Hgo sCdo 7 crystals;
curves 1 and 2 show the calculoted mobility due to impurity scat-
tering (curve 1 for singly ionized centers und cwrve 2 for doubly
ionized centers), line 3 shows the mobility due to lattice scatter-
ing, and curves 4 ond 5 show the overall mobility cakculated by
reciprocally combining the impurity scottering mobility and the
lottice scottering mobility (curve 4 for singly ronized centers and
curve 5 for doubly ionized centers). See Appendix A for details of
colculations.
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LATTICE DEFECTS IN Hg,-,Cd;Te ALLOYS
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Fig. 5 Experimental ond colculoted hole mobikity ot 77K a3 @
function of the hole concentration for copper-deped Hgo.sCdo 2
crystels; curves | ond 2 show the calculoied mobility due to im-
purity scattering (cveve 1 for singly o= :ed ceaters ond curve 2
for deubly ienized centers), ine 3 shows the mobility due to lattice
scattering, ond curves 4 and 5 show the overall mobility colculated
by reciprocally combining the impurity oscettering mobility
(curve 4 for singly iomized centers ond curve 5 for doubly ionized
centers) See Appendix A for detoils of calculations.

have higher hole mobilities than the undoped samples
containing similar hole concentrations. The mobilities
calculated on the basis of the combined jonized im-
purity and lattice scattering are also shown in the
figures.

Figure 6 compares the electrical conductivity at 77K
obtained in the undoped crystals containing a relatively
large concentration of voids and inclusions (~-1000 per
cm?) with those containing # neglisible concentration
of these (= 20 per cm?) subsequent to anneals at 500°C
in different paitial pressures of Hg and air cooled or
quenched to room temperature; the voids and inclu-
sions in the samples were approximately 10-30 sm in
diameter, and depending on how the bulk crystals were
grown, the inclusions were either Hg rich or Te rich.
Figure 7 _hows the electrical conductivity at 77K,
obtained i1n the undoped crystals containing a large
concentration of voids and inclusions and which were
air cooled to room temperature subsequent to anneals
at 500°C in different partial pressures of Hg. Figures
6 and 7 clearly show that the electrical conductivity
variat:ons as a function of the partial pressure of Hg
are similar for undoped crystals with and without
voids and inclusions that were quenched to room tem-

- " ® NO VOIDS AND INCLUSIONS (<20 cm™?), QUENCHED
< ~ & NO VOIDS AND INCLUSIONS (<20 cm~?) AR COOLED
$ | 8 VOIDS AND INCLUSIONS, (1000 em-2) QUENCMED
i - T 300°C
; i I
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g vc' O‘: '
" |
g Y |
L (9
of ¢
40 ) L Llgi! L P S
0! 1o 00

PARTIAL PRESSURE OF Hy otm

Fig. 6. Electrical conductivity ot 77 K for various sets of undoped
Hgo 3Cdo 2Te crystals contoining different concentrotions of voids
and inclusions, end quenched or oir cooled subsequent to appeals
in differsat Hg pressures ot 500°C.
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Fig. 7. Electrical conductivity at 77 K for wndoped Hgo sCdy 2Te
crystals coataining o lorge concentration of voids ond inclusions
and gir cooled subsequent to anmegls in different Hg pressures at
500°C.

perature subsequent to equilibration at 500°C; the re-
sults are also similar for the undoped crystals contain-
ing virtually no voids and inclusions and which were
air cooled from 500°C. However, considerable scatter
is obtained in the results for the undoped crystals con-
taining a large concentration of voids and inclusions
and which were air cooled from 500°C.

Discussion

Defect equilibria —The way in which the concentra-
tions of defects vary as a function of the physicochern-
ical conditions of preparation (temperature, partial
pressure of Hg or partial pressure of Te:. and/or the
dopant concentration) can be arrived at by utilizing
the quasichemical approach developed by Kroger and
Vink (13). The quasichemical approach has been used
in many binary compounds to establish defect models
(14). In such an approach, atomic and electronic de-
fects are considered as chemical species and defect for-
mation reactions along with the corresponding mass
action relations are formulated. The concentrations of
all the defect species comprising the electroneutrality
condition and the dopant balance equation (fer the
doped crystals) are then expressed in terms of the rele-
vant mass action constants and the concentration of one
defect species. This results in equations containing the
various mass action constants and the concentrations of
one single defect species, numerical solution will then
yield the concentration of this defect species for given
values of the mass action constants Once the concer.-
tration of one Zcfect species 1s determined the concen-
trations of all the other defect species can be evaluated
via the mass action relations.

Defect formation reactions and mass action relations
for various defect species are listed 1n Table 1. The de-
fect notations are according to the scheme of Kroger
and Vink (13 . 1in which the maor symbol indicates the
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def:ct, the subscript denotes the type of lattice gite
occupied, and the superscript indicates the charge. Su-
perscripts prime (') and dot () stand for effective
nejative and positive charges. respectively, while a
cross (x) stands for a neutral charge. Thus V*y, in-
dicates a doubly negatively ionized vacant lattice site
of Hg. Square brackets indicate concentrations ex-
pressed as site fractions. The native acceptor defect
species considered in this paper are the vacancies of Hg
instead of the interstitials of Te. Electrical measure-
ments cannot distinguish between the two species and
heace the results will be the same if interstitials of Te
are considered as the native acceptor defect species
in:tead. Recent work on the defect structure of CdTe
(13, 16) determined by Hall effect and tracer self-
diffusion data indicates the presence of appreciable
coacentrations ~f Te interstitials ir addition to the
vacancies of Cd. Although the results of the present
work showed no evidence of presence of any native
donor defects such as Hg, or Vr,, etc. in any appreci-
able concentration, Table I includes these defects also
fo purposes of later discussion in the paper.

Defect state in the cooled crystals.—Ildeally, in situ
hizh temperature physical property measurements and
measurements on the crystals quenched from the
equilibration temperatures should both be used to ar-
rive at defect siates prevailing at the hign temperature
as well as in the cooled crystals, much information re-
garding precipitation of atomic defects during quenci-
inz can be obtained by correlating the defect state in
th2 cooled crystals with that obtained at the equilibra-
tion temperatures. CdTe (15-19) is only one of the few
materials that has been studied extensivelv from such
a viewpoint. In the present work. however, the defect
state in the cooled crystal shall be used to derive in-
formation regarding the defect state prevailing at the
equilibration t>mperatures.

While attempting to deduce the high temperature de-
fect state of the crystals from measurements on the
crystals quenched to room temperature from- the high
temperature physicochemical conditions. a few as-
sumptions are made. The assumptions are (2) that the
eloctrons and the heles recombine during cooling. (i)
thit all the atomic defects at the high temperature are
frozen in, and (i1) that the intrinsic carrier concen-
tretion ny — K,'» at the measurement temper-ature < <
concentration of the electrically active atomic defects
so that the Fermi level is pinned at the defect level
anl the carrier concentration in the cooled crystals
gives the concentration of the atomic defects corre-
spcnding to the high temperature equilibrium. The first
assumption is always satisfied and the third one 1s also
satisfied as long as the carrier concentration measure-
ment temperature 1s low enough for n, to be low The
second assumption requires that the crystals be
qu>nched fast enough that the precipitation of the
atomic defects is not given rise to.

Approximation to the electroneutrality condition and
do »ant balance condition.—-When the electroneutrality

Table | List of the defect formation reactions, mass action constants, electroneutralitv condition, and dopant balance equation

Reaction

Mass action relation

1 0—~e¢e + h E

2 Hgsvwe = Vg « 2h + Hg1g); H vug
3 Viug—» Ving + h [ Eapn

4 Viue=+ Vg + h,Eup

H

(Hg Cdez1Te (S) - 08 (Hg(g) + 02 Cd(g) + 12 Tes(g);

Hite, \a, ,Te
$ O+ Ve + V 1 H s
7 Hgtwe —» Ve + Hg -1, Hy
8 Hgil)y - Hg(x); Hue
9 Tet(l) » 1 2Tesg), Ht-
10 Electroneutrality condition

fe} « (Cunpl + [(Viugl « 2V ) =1h') + [Cu 1l « [Hg 1] + 2(HEg 1] + &V --1.)

11 Copper balance equation’
[Cu nal 4+ (Cu 1] = [CuUror)

8203-01

Ki = fe’] [h']

K*vie [V uel {h 1® pre

Ko,v = [V gl [h 1 [VZng)

Kigp = (V'uel (h J (Ve

King, oCo, ;Ter = PRe"* Pca 7 pre,) ?

K°e = [V'ne) (V' 14]
K'r = (V'ne) (Hg' 1)
Khe = pue’ane

Kte = p1e,)! V/ar.
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condition and the dopant balance equation (Table I)
are approximated by only the dominant members (20),
one can obtain the variation of the defect concentra-
tions as a function of py; and the total copper concen-
tration (for copper-doped crystals) in the form

Concentration « pug’ [Cuse)®

where r and ¢ are small integess or fractions.

Table II lists the exponents of pug and [Cuiu] for
the variation of the concentretions of the different de-
fects for various approximations to the electroneutral-
ity condition.

Native acceptor defects.—The fact that the hole con-
centration in the undoped crystals is proportional to
prg~! (Fig. 2) indicates that the crystals are essentially
intringic at the high temperature (Table II, electro-
neutrality approximation [e’)] = [h']); however, as
can be noted from Table II, for a situation where the
crystal is intrinsic, all the native acceptor defects vary
as Prg ! irrespective of the charge state of the defects.
In order to establish the charge state of the native
acceptor defects dominant in the undoped crystals the
electrical characteristics of the undoped and the ac-
ceptor doped crystals will be compared. Figure 4 shows
that the hole mobilities in the undoped crystals at 77K
decrease with an increase in the hole concentration
indicating that the contribution of ionized impurity
scattering to the hole mobilities is substantial. If so,
the fact that a majority of the copper-doped crystals
shown in Fig. 5 have higher mobilities than the un-
doped crystals indicates that the ionized impurity scat-
tering is less in the copper-doped crystals; the results
can be explained if copper is a single acceptor occupy-
ing Hg lattice sites and the native acceptor defects in
the undoped crystals are doubly ionized. Based on the
theory of ivnized impurity scattering (21) for compar-
able hole concentrations. the mobilities due to ionized
impurity scattering in the copper-doped crystals con-
taining x number of singly ionized copper centers can
be expected to be twice that in the undoped crystals
containing x/2 number of the doubly ionized native

Table l1. Variations of the defect concentrations a3 o funciion of
phg ond/or copper concentrations for vorious approximations to
the clactruncutrotlity condition

Hole concen-
tration in the
Type of defect and approxi- {] « pruelCuret]®  cooled crystals
mation to the electro-
neutrality condition r [} r L]
1. te) = [b] = VK 0 0
(V') -1 0 -1 [
Vel -1 [ -1 [}
Hg 1) +1 [} +1 0
HEg- ) +1 [] +1 [:]
V- 1l +1 [} +1 [}
(Cu'ng) = [Cuiee) 0 1 ] 1
2. (Cu'sa) = [Cute) = ih-} [ 1 ] 1
Vng) -1 -2
V'se) -1 -1
Hg ) +1 +1
Hg: 1) +1 +2
V' 1el +1 +2
$. (b') = 3{V°ma) -1/3 0 -1/8 [ ]
(e} +1/8 0
V'rel -2/3 [
Hg ) +2/3 [
Hg 1) +1/3 0
VAR D) +1/8 ]
Cu'ng} = [Cuiee) [} 1
4. (V') = [V 1) = VK°s 0 [4
R H H AL P
' -
Vae) cia gOR\G‘N
Hg 1} +1/
(HE 1) 0 ' OF POOR
{C0 ng) » [Quter) 0 1
B (V°me) = [Hg ' \) = VK"» [ []
(o) 1/2 0
h1 -1/2 0
[Vinel -12 0
W
1
IV" 0 [
0 1

‘Tel
{Cu'mel = {Cueerl
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acceptor defect centers. Also, in those crystals where
the electrically active copper concentration exceeds the
intrinsic carrier concentration at the annealing tem-
peratures, thus extrinsically doping them, the native
acceptor defect concentration decreases with an in-
crease in the copper concentration as a consequence of
the mass action effect. As can be seen from Table II,
as soon as the crystals become extrinsic with copper
doping and the electroneutrality approximation be-
comes [Cu'ng] = (h ], the doubly ionized native ac-
ceptor defects decrease in proportion to the square of
the copper concentration in the erystals ([V gg] «
[Cutx]l~?). This is shown schemnatically in Fig 8.
Hence. in samples doped with copper to greater than
the intrinsic carrier concentration, the concentration of
the doubly ionized native acceptor defects is consider-
ably depressed. If the native acceptor defects were
singly ionized, their concentration would decrease in an
inverse linear proportion to {Cuix] as soon as the cop-
per concentration exceeds the intrinsic carrier concen-
tration (Table 1I and Fig. 8); however, the hole mobility
of such samples should be no different from that of the
undoped crystals for comparable hole concentrations.
It may be argued that the larger hole mobility in the
heavily copper-doped samples (Fig. 5) may result from
shorting paths due to the high concentrations of cop-
per; however, the fact that the hole mobility in the
copper-doped samples decreases for hole concentra-
tions in excess of 10!® em~3 (Fig. 5) rules out this ex-
planation. It should also be noted from Fig. 4 and 5
that the hole mobilities are essentially the same for
both the copper-doped and the undoped samples when
the hole concentration is less than 10! cm—3. This re-
sult indicates that ionized impurity scattering is prob-
ably less significant for hole concentrations less than
10'7 cm~3. Hole mobilities calculated by reciprocally
combining the mobility due to lattice scattering and
the mobility due to ionized impurity scattering (see
Appendix A for details) are also shown in Fig. 4 and §
for the cases of singly ionized and doubly ionized scat-
tering centers; clearly, for the undoped crystals, the
agreement between the experimental values and the
calculations is better for the case of the doubly ionized
scattering centers, whereas for the copper-doped crys-
tals the agreement is better for the case of the singly
ionized scattering centers. It should be noted that the

T = FIXED

- FIXED
Prg

EXTRINSIC RANGE
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VL At

LOb COMLNTRATION OF OuF
r v - <- i
™
b
1
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Fig 8. Schematic variation of [¢’], [h ], [Cu'ng), [V 4l
(or [Te"1]), (Y'ugl (ar [Te']), and [Hg 1) (or [V 1.1) 0s o
function of the electricolly octive copper .concentration in
Hoo oCdg 2 Te ot o fixed temperoture and portigl pressure of Hg
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Brooks-Herring expression (21) used for calculating
the mobility due to ionized impurity scattering is ap-
plicable only for nondegenerate semiconductors and
hence the mobility calculations shown in Fig. 4 and §
for hole concentrations in excess of 10!* em-? ghould
not be deemed significant; for such large cerrier con-
centrations impurity banding effects also become im-
portant.

Absence of compensation in the undoped and copper-
doped crystals.—Absence of compensation in the un-
doped as well as the copper-doped crystals of
Hge 4CdysTe is evidenced by a few inferences. First,
the hole mobilities in the undoped crystals are only de-
pendent on the hole concentration and are independent
of the temperature of anneal; if there was any compen-
sation by native de.ects, the conc’ ‘ration of these
defects would be expected to be exponentially depen-
dent on temperature and the mobility dependence on
the hole concentration would not have been nearly as
linear as shown in Fig. 4 Second, if the undoped crys-
tals had a considerable concentration of native donor
defects compensating the native acceptor defects the
concentration of these native donor defects would
have considerably increased via the mass action effect
as soon as the copper concentration exceeded the in-
trinsic carrier concentration and the crystal became
extrinsic (Table II and Fig. 8). Since the copper-doped
crystals, in fact, have higher mobilities than the un-
doped crystals for comparable hole concentrations, the
undoped and the copper-doped crystals seem to be un-
compensated and the native donor defect concentration
in Hgo sCdo 2Te seems to be negligible. Absence of com-
pensation also has been established in Hge«Cdo(Te
(22).

Origin of p-type to n-type conversion—In the ab-
sence of any systematic defect studies in Hg;-.Cd,Te
various reasons for p-type to n-type conversion have
been proposed (2-5, 23, 24). Reynolds et al. (23) ob-
served that the HgosCdosTe crystals annealed under
Hg-saturated conditions converted to n-type below
360°C and the electron concentration was independent
of temperature of anneal below 360°C. The temperature
independence of the electron cnneentration under Hg-
saturated conditions led them to conclude that the crys-
tals were n-type due to residual donors in the crystals
and not due to any native donor defects. Similar in-
ferences and conclusions were reported recently by
Bartlett et al. (24) for Hgo sCdo 2Te. Schmit and Stelzer
(25) observed that their undoped Hgo ¢Cdo +Te samples
also turned n-type at temperatures below 350°-400°C
under Hg-saturated conditions. Also the conversion
temperatures were different for different samples. Al-
though the temperature independence of the electron
concentration in the undoped crystals of HgosCdoaTe
(23, 24) and Hgo¢Cdy Te (25) for Hg-saturated con-
ditions does not, by itself, rule out tha n-type conver-
sion to be due to native donor defects (see Appendix
B), the fact that the different samples in the experi-
ments of Schmit and Stelzer (25) converted to n-type
at different teiaperatures indicates that the conversion
in these samples was due to residual foreign donors in
the crystals, the samples with a higher residual foreign
donor concentration being able to convert to n-type at
a higher temperature. Also it was noticed in the present
work that certain of the p-type samples (1015.10:¢
cm~3) did not convert to n-type even when annealed in
Hg-saturated conditions at temperatures below 350°C.
If the n-type conversion occurs due to native donor
defects the inability to convert some of these samples
is difficult to explain. In these samples the residual ac-
ceptor impurity concentration exceeded the residual
donor impurity concentration and hence p-type to n-
type conversion was not possible at any temperature.
These arguments support our conclusion in the pre-
vious section that the native donor defects in
Hgo sCdo 2Te are negligible in concentration; (probably
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much less than 1015 cm—3 at 350°-400°C). The conver-
sion to n-type in HgesCdesTe, as well ax Hge ¢Cdy(Te
does not appear to be due to native donor defects.
The assumption that the p-type to n-type conversion
in Hg)-,Cd,;Te alloys occurs due to native donor de-
fects appears erroneous (2-5), and such a conversion
only occurs due to residual donor impurities; also the
conversion is only possible for samples with residual
donor impurity concentration exceeding the residual
acceptor impurity concentration in the crystals.

Correlation of the quenching efficiency with the pres-
ence of voids and inclusions.—Results of Fig. 6 and 7
indicate that the electrical conductivity variations in
the cooled crystals at 77 K as a function of the partial
pressure of Hg at the equilibration temperatures can
be a sensitive function of the cooling rate, particularly
for samples containing a large concentration of voids
and inclusions (~ 1000 per cm?). For samples contain-
ing a relatively small concentration of voids and inclu-
sions (= 20 per cm?) the results are approximately the
same except under very low Hg pressures where the
air-cooled samples have smaller electrical conductivity
than the quenched samples (Fig. 6). Electrical con-
ductivity, rather than hole conceniration, has been
plotted in Fig. 6 and 7 for ease of comparison of the
results of different anneals; for instance, some of the
air-cooled samples showed mixed conductivity due to
the formation of thin n-type inversion layers formed
by a reduction in the hole concentration due to pre-
cipitation of native acceptor defects during cooling
and/or partial type conversions of the samples. When
such layers are thin, the overall conductivity is still
dominated by holes (pu; > nun) even if the Hail co-
efficient is negative (na?, > pal;), hence electrical con-
ductivity for such samples was assumed to reflect the
bulk crystal properties better than the Hall effect re-
sults. It can be inferred from Fig. 6 and 7 that the cool-
ing rate obtained from air cooling the .amples is not
high enough to retain the high temperature equilibrium
in the samples containing a large concentration of
voids and inclusions, thus resulting in a reduction of
the concentration of the native acceptor defects at
500°C. The diffusion distances for equilibration are
lower in the presence of a large concentration of voids
and inclusions, hence crystals containing a large con-
certration of these can come to equilibrium at an in-
termediate temperature between 500°C and room tem-
perature during air cooling, whereas crystals contain-
ing fewer of them retain the high temperature equi-
librium to a greater degree. It should also be noted
from Fig. 7 that quenching in ice water is fast enough
for crystals containing a large concentration of voids
and inclusions to retain the 500°C equilibrium. Al-
though experiments with varying cooling rates were
not undertaken at higher temperatures it is reasonable
to assume that the effect of the presence of voids and
inclusions on the quenching efficiency is greater at
temperatures higher than 500°C and lower at lower
temperatures.

Analysis of the carrier concentration in the undoped
crystals.—In the detailed analysis of the carrier concen-
tration in the cooled crystals, the complete electroneu-
trality condition is considered. In order to distinguish
the high temperature state of the crystal from the low
temperature state of the crystal (cooled crystals) sub-
scripts HT (high temperature) and LT (low tempera-
ture) are used.

For the undoped crystals, knowing that the native
acceptor defects are doubly ionized and that the native
donor defects are negligible in concentration and ne-
glecting the influence of residual donors and acceptors,
the complete electroneutrality condition becomes

{€ur + 2[V7yelur = (h']ur (1}

Expressing (e’] and [V"y;] in terms of the mass action

e fy
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« mstants defined in Table I, we obtain
(Ki|(b-Du, - (3K vl [h']? pug) ur = [h']ur (3]

hlg—~ (Kb Dur = ’(K'vu.'ﬂu.)"r

The concentration of holes obtained in the cooled erys-
tals is given by

(h'lr = 2(V'mglar = (3K"veg|(h-]1? prg) it

(b Jur = (2K vug!pag) ur¥|(h lLr¥% 3]
C_ombinltion of [2] and [3] with some simplification
gives
[h- 1?8 (2K vrgipng) wr!/? + (K ur [h-lir

= (K vuglpug)ur [4]

For given values of K; and K"vug at various tempera-
tures, the solution of Eq. [4] gives the hole concentra-
don in the cooled crystals as a function of pug. By a
srocedure of trial and error, the values of K; and K”vug
wvere optimized at each temperature to give the best fit
petween the experimentally observed hole concentra-
“ions and the calculated values. The calculated values
are shown in Fig 2 as solid lines. The agreement be-
tween the experimental values and the calculations ap-
pears to be within limits of experimental error.

Mass action constants K; and K"vuy determined from
he present investigation (valid for temperatures be-
tween 400° and 655°C) are given by

K; = 5.77 x 19~ %exp (—0.57 eV/kT) (Site Fr)? [5]
aud
K vug =79 x 102 exp (—2.24 eV/kT) (Site Fr)3 atm
(6]

Noting that there are 1.26 x 1022 molecules/cm? in

or

HgosCdo :Te, we get

K= 9.18 v i0%exp (—~0.57 eV/kT) ecm—¢ (7]
and

K vhg = 1.58 X 108 exp ( —2.24 eV/kT) cm~? atm
(8]

Eoth K; and K"vug tnfluence the absolute values of the
ccerrier concentration obtained in the cooled crystals
and the variation of the carrier concentration as a
function of puy. From Table II, it can be seen that
the ! ole concentration in the cooled crystals (equal to
twice the concentraticn »f the doubly ionized native
acief tor defects st ‘ne anneal temperature) is expected
to be proportiona (o pug~! for crystals which are in-
tr:nsiz, whe' e2< it is expected to be proportional to
Pug~!/3 2= ¢ ystals which are extrinsic with the situa-
tion [h . .. 2 {V~ng] 2t the high temperature. Thus, for
a given value of K”vy,. if the chosen K, value was such
tha {V";;,] was comparable in concentration to [e’]
#.... [h ], at the high temperature, the power depen-
lence of the calculated hole concentration in the cooled
crystals was be.ween —1/3 and —1. On the other
hard, if the chosen K, values were high compared to
the hole concentrat on 1n the cooled crystals, the cal-
culited hole co .centration varied strictly as pug~!.
The absolute values of the calculated hole concentra-
tion:. depe, ied both on K and K”vyg In order to show
hew seasitive the calculated hole concentrations are to
the raniation in the K, values at the anneal tempera-
tuses, the hole concentrations in the cooled crystals
were culculated as a function of pug for K; values 26%
higher and 25% lower than given by expression (7]
for K,. The calculated hole concer.irati~ns in the cooled
crystals for K, values given by the expression as well
as for i{, values = 25% are shown for T = 500°C in
Fig. 4. the K”"vu¢ value in the calculations was kept
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[7] of the text, whereos the doshed lines | gnd 3 correspond to
calculgtions using K; values differing from those of expression [7]
by =25%; experimental points sre glso shown for comparison.

oconstant as given by expression [8]. It appears that
+25% variations in K; do not affect the calculations
adversely.

Assuming simple parabolic conduction and valence
bands and nondegenerate semiconductor statistics the
expression for K is written as

Ki = 2(memp)3/2 (xkT/h*)3 exp (— Ey/kT) cn—*
(9]

where m, and m, are the effective masses of electrons
anc holes, respectively, and E; is the energy gap. Eg =
Eg(0) 4 oT where Eg(0) corresponds to the energy
gap at 0 K. A linear increase of the energy gap with in-
crease in temperature has been verified by various re-
searchers for temperatures up to 400 K (26-30). To the
author’s knowledge, no measurements on the energy
gap or the intrinsic carrier concentration at tempera-
tures much in excess of 400 K exist in the literature,
If we assume the linear temperature dependence of
the gap to hold good at temperatures greater than
400 K, with Eg(0) ~ 0.1 eV (3) and inclusion of the T3
term in the exponent term (Eq. {9]), we get 0.32 eV
for the enthalpy associated with K,. This value is lower
than the value of 0.57 eV found from the present in-
vestigation expressions [5] and [7]). The possible non-
parabo.icity of the bands at the higher temperatures
and a nonnegligible temperature dependence of the ef-
fective masses of carriers may account for the higher
enthalpy associated with K, given by expression (7).

The dependence of the calculated hole concentrations
in the cooled crystals on the value of K"vuq can be
judged by the inspection of Eq. {4] which indicates
that for crystals which are intrinsic at the annealing
temperature, the second term on the left-hand side
dominates, with the result that the hole concentration
in the cooled crystals is proportional to the value of
K vug/Ki. As a result it is not hard to realize that for
given values of K, the hole concentrations in the cooled
crystals depend on K”vug in just the opposite way as
they did with K; for fixed K"vu, values, Thus, just as
+25% variations in K; did not adversely affect the cal-
culations (Fig. 9), we believe similar variations can be
tolerated in the value of K"vu,.
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From the present work the enthalpy for the reaction
Hgug* = V'ug + 2h" + Hg(g)

has been established to be 2.24 eV.
For comparison with CdTe, the enthalpy assocliated
with the reaction

Cdce®+ Vca + 2h' + Cd(g)

is evaluated to be 4.72 eV (15). The higher enthalpy
associated with a similar defect reaction for CdTe is
reasona le in view of the fact that CdTe has a Jarger
melting point and bandgap than HgesCdesTe and,
hence, stronger bonding.

Table III summarizes the values of some of the mass
action conswants defined in Table I. Included in the
table are the values of K; and K"vu, applicable for T
= 400°-655°C as well as the K; value applicable for T
== 27°-400°C.

The mass action constants K, and K"vug established
from the present work can explain the results on in-
dium-doped (31). Iodine-doped (32) and phosphorus-
doped HgosCdo 2Te (33) satisfactorily.

Pefect isotherms for undoped HgosCdo2Te.—Once
the values of K; and K"vig are known, it is possible to
calculate the concentratiors of various defects as a
function of pgg at any given temperature. Such a de-
fect isotherm for T = 500°C is shown in Fig. 10. As can
be seen from the figure, the crystal is essentially in-
trinsic except at low Hg pressures at higher tempera-
tures where native acceptor defects begin to become
comparable in concentration to intrinsic carriers.

Hole concentration in undoped HgosCdosTe under
Hg-saturated and Te-saturated conditions.—The high-
est and the lowest Hg pressures in the experimental
data indicated by arrows in Fig. 2, correspond to the
Hg pressure under Hg-saturated conditions and the
Hg pressure under Te-saturated conditions, respec-
tively (8-10). Figure 11 shows the hole concentration
variation in the cooled crystals as a function of tem-
perature of equilibration for Hg-saturated and Te-
saturated conditions. The temperature dependences of
the hole concentration are given by

{h'] {Hg saturated)

= 1.54 X 10 exp (—1.13eV/KT) cm~3
and

{h'] (Te saturated)
= 2.36 X 10¥ exp (—0.314eV/kT) em™?

Isohole concentration plot for HgosCdo sTe.—Knowl-
edge of K, and K”vug permits us to calculate hole con-
centrations in the cooled crystals as a function of the
physicochemical conditions of preparation, namely, pry
and T. Such a plot is shown in Fig. 12. As can be seen
from Fig. 12, the undoped material is p-type through-
out the existence region for all temperatures as long
as the residual foreign acceptor concentration is
greater than the residual fcreign donor concentration
in the crystals. This figure is different from the isocar-
rier concentration plot reported in Ref. (2, 4) where

Table 1. Volues of the porameters for the equilibrium constants
K = K, exp (—M/kT) defined in Table |

Equilidbrium Ko (Site Fr,

constant atm) H (ev) Source
1. K. 377 x 10+ 0.57 1 This work
2 K vug 79 x 10s 224 ! (400°-655°C)
3 K, 14 x 10-# 0.354 (27°400°CH
4 Kngyua, 1 -21;2 “ }8: %z Ref. (10)
3. K x ;
& K 1.82 x 100 127 | Ref. (8)

There are ! 26 x 102 molecules/cm? in Hgo sCdo 1Te
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Fig. 10. Calculated defect ¢ trations os a function of the
partial pressure of Hg ot the equilibration temperature of 500°C;
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cesled crystels ot 77 K; experimentol points are oiso shown for
comparison.
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Fig. 1). Calculated hole concentration lines ot 77 K as o func-
tion of temperoture for wndoped Hgg sCdg 2Te equilibrated in Hg-
soturoted ond Te-soturoted conditions and quenched tq room tem-
pesature. Calculations for temperature ranges owtside the expeni-
menta! work reported in this paper ure shown dashed; intrinsic
corrier concentrotion o3 ¢ function of tempergture is clso shown

p-type to n-type conversion was attributed to native
donor defects. It can also be seen that the highest de-
viation from stoichiometry (or the highest hole concen-
tration in the cooled crystals) attainable in undoped
HgosCdosTe is < 3 X 1018 cm—3,

Defect isotherms for copper-doped HgoCdosTe.—
With the assumption that all of the electrically active
copper is present as Cu’yg defect concentrations as a
function of the electrically active copper concentration
and pug can be calculated. As beiore, we define high
temperature and low temperature states of the crystal
using subscripts HT and LT, respectively. The com-
plete electroneutrality condition and the copper bal-
ance equation are

Ay BA
- oG Fraa. e
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Fig. 12 Calculated ischole concentration lines ot 77 K for
Hgo #Cdo 2Te os o function of the partial pressure of Hg and
temperature of equilibration.

(elnr + 2[V"ugiutr + [Cu'ng) = [h Jur (10}

{Cu'nglur = [Curpelnt (11}

In terms o! the mass action constants K, and K"vy,,
the electroneutrality condition is rewritten as

(Ki/1h Dyt + 2(K"vig/[h 12Pug) T
+ [Cute] = [h Jur  [12]

and

or
ih Ju1? — [h Ju? [Cuietd
— Kilh Jut = 2(K"vug/pPug)ur  [13]

In the cooled crystals. the hole concentration is given
by

th vt = 2{V yelur + [Cu nglur
= 2[V'hglur + [Cutalur [14]

or, expressing {V”ug] 1n terms of K"vug and (h ], we
get
th Jur = (2K vug/(h 12pug) ur + [Cutotlur [15]

With the knowledge of the mass action constants K;
and K"y, established for the undoped crystals, defect
concentrations ({V"ygl, {h Yut. [h JuT, etc.) as a func-
tion of copper concentration for a fixed pug or as a
function of pug for fixed copper concentration can be
calculated from Eq. [13] and [15). Figure 13 shows
the defect 1sotherm for T = 500°C and pyg = 3 atm as
a function of the total copper concentration in the crys-
tal. Similarity between Fig. 8§ and 13 is to be noted.
While Fig. 8 1s drawn with approximation to the neu-
trality condition, Fig. 13 has been drawn with the con-
sideration of the complete electroneutrality condition.

LATTICE DEFECTS IN Hg,-.Cd.Te ALLOYS

2617

™TTT

CONCENTRATION CF DEFFCTS, cm ~

COPPER CONCENIRATION, em™’

Fig. 13. Caiculated defect concentrations at a function of the
electrically octive copper concentration in the crystals ot the
equilibration temperature of 500°C ond pu; — 3 otm; dashed line
corresponds to the colculated hole concentration in the cooled
crystals at 77 K.

fects or by copper interstitials (acting as donors) is
ruled out as the explanation. On the other hand. pre-
cipitation of copper during quenching or the solubility
limit of copper at the equilibration temperatures can
explain the discrepancy. If the explanation is one of
the solubility limit, it is hard to reason why samples
having total copper concentration less than 10:® cm~—3
also show electrically active copper less than the total
amount of chemically inferred copper concentrations.
Owing to the high diffusivity of Cu in Hg:-.Cd;Te (6,
7). we are inclined to believe that precipitation of
copper as CuTe or CusTe during quenching results in
the electrically active copper (as found by Hall effect
measurements) to be less than that obtained by chemi-
cal analysis. The fact that the fraction of electrically
active copper decreases for higher and higher copper
concentrations (as determined by chemical analysis)
also supports the view that precipitation occurs during
quenching since the diffusion distance between copper
atoms for precipitation to occur can be expected to de-
crease as [Cuin] ~3 Efforts to improve the quenching
efficiency by breaking open the ampuls and quenching
the samples directly in water did not result in any im-
provement. It appears that the high diffusivity of cop-
per results in an imperfect quench from the equilibra-
tion temperature. If we believe that precipitation oc-
curs during quenching, the solubility of electrically

TYable 1V. Comparison of the concentrations of electrically active
copper and the total amount of copper (as determined from atomic
absorption anolysis) for samples doped with copper ot 500
and 600°C

T otal copper con- Electrically active

Temper- centration (cm-%) copper concentration
Imperfect quench for heavily copper-doped samples, ature . *C» (atomic absorption) (cm-?) (Hall effect
—The electrically active copper concentration 1n vari- ——— e
ous samples as inferred from the Hall effect measure- 500 34 x 1™ 10
ments was found to be lower than the total copper w ;'3 : {g:: 23‘\”‘1';,‘,
concentration 1n the samples inferred from atomic ab- 600 22 % 10m $ . 10
sorption analysis (Table IV) From arguments in the & 18 LA
orevious sections, compensation by native donor de- 800 AT 48 10
3-12

8203-01

RIGINAL PAGE IS
F POOR QUALITY



ar

2618 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

active copper at T = 500°-600°C appears to be in ex-
cess of 10 em 2.
Conclusion

Lattice defect models for undoped and copper-doped
Hgo yCdy 2T have been established via Hall effect and
mobility measurements on crystals equilibrated under
different partial pressures of Hg at high temperatures
and quenched to room temperature. According to the
models, native donor defects are negligible in concen-
tration, native acceptor defecis arc doubly ionized,
and copper acts as a single acceptor occupying Hg lai-
tice sites. Equilibrium constants for the intrinsic ex-
citation constant, as well 1s the incorporation of the
doubly ionized native acceptor defects, have been
established.
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APPENDIX A

Colculations of Hole Mobility ot 77 K in Undoped and
Copper-Doped Hgo sCdp 2Te

The decrease (f hole mobility at 77K with an in-
crease in the hole concentration in the undoped crystals
(Fig. 4) indicates that the contribution of lonized im-
urity scattering to the mobility at 77 K is not negligi-
le.

For a nondegenerate semiconductor with parabolic
bands, the mobility due to ionized impurity scattering
as given by the Brooks-Herring expression (21) is

u = 2172 372 (kT)3/2 ('o¢5)2 (mo)-llz (m‘/"“) -1/2

N"Iln(l b) ——-—-—b }_1 [A-1]
x Ny L + ~1+b

b _Z&mo ("'"‘/"‘o)k2 (eoes)
a ernrp
P =P+ (Na—Np—p) (p+ Np)/Na [A-3)

In expressions [A-1), [A-2], and [A-3], k is the
Boltzmann's constant, T 1s the temperature, ¢ is the
free space permittivity, ¢ is the static dielectric con-
stant, m, is the free electron mass, (m*/m,) is the ef-
fective mass ratio of holes, N is the number of scat-
tering centers given by the total number of ionized
donors and acceptors, e is the electronic charge, and
is Planck’s constant. With T = 77K, (m*/m,) (holes)
=07 (34). ¢ = 17.5 (3) tr : expression for the mobil-
ity due to ionized impuor: attering becomes

where
[A-2]

and

b -t
=8 X .U N;-1 {ln(l -+ b) - — }

1+b
[A-4]
and
b = 9.42 x 10'8/p’ [A-5]
In general
Ni=({ATJ+ (D) +4([A"] + [D ]
+8([A"]1+ (D 1) +.. (A-8]

December 1981

where [A’], [A”], [A™*], etc. are the concentrations of
the singly charged, doubly charged, and triply charged
acceptors; a similar deflnition holds for the donor
concentrations |D ), [D L LD '], etc. The muitip'ying
fuctors of 4, 9, etc. in Eq. (A-6] arise because the
centers are doubly (z = 2) and triply (z = 3) charged,
etc. For the case where the undoped and the copper-
doped crystals are not compensated (as discu in
the main text) we have

Ni=[A'] + 4[A") + ... tA-T]

Since the defects are completely ionized at 77 K in both
the undoped and the copger-do})ed crystals (see main
text for details), p’ = p {77 K) for the undoped as well
as the copper-doped crystals. Using Eq. {A-4] and
{A-5), i1 was calculated as a function of p (77K) for
the case of (i) N; = [A’] = p (TTK) (dominance of
singly charged centers) and (ii) N;y = 4[A"] = 2p
(77K) (dominance of doubly charged centers).

The calculated mobilities due to ionized imp:irity
scattering for the cases of the dominances of the singly
charged centers and dominance of the doubly charged
centers are shown as dashed lines in Fig. 4 and 5. Ex-
trapolating the hole mobility due to lattice scattering
to be 700 cm?/Vsec at 77 K the overall hole mobility
as a function oi the hole concentration at 77 K was cal-
culated by reciprocally combining the mobility due to
ionized impurity scattering and that due to lattice scat-
tering

1 1
+ = =
Miattice  Monived 100 sionized
The calculated overall hole mobility as a function of
ltjhe hole concentration is shown in Fig. 4 and 5 a: solid
nes.

1/utor = [A-8])

APPENDIX B

Temperature Independence of the Notive Doner Defect
Concentration

Results of Reynolds et al. (23) on Hgo.sCdoaTe and
of Schmit and Stelzer (25) on HgoeCdo4Te indicate
that the crystals turn n-type below 300°-350°C under
Hg-saturated conditions and the electron concentra-
tion under Hg-saturated conditions remains indepen-
dent of the anneal temperature.

If the conversion is thought to be due to some sort of
native donor defects, it remains to explain under what
circumstances the temperature independence could
arise. For an explanation of this we consider the fol-
lowing reactions

—~ AH)})

(
Hg(l) » Hg(g); K; = pug = (K1)oexp T

B-1
[Hg ] [e']2 (B4

Pug
= (K3)o exp (— AHy/kT) [B-2}
O=e 4+ h; Ky={[e][h] = (Ks)oexp (— aAHy/kTY
(B-3]

e’l‘;vo electroneutrality approximations can be consid-
ered:

Casel: (€]~ [R']=/Ks.
Case 2: [e'] ~ 2 [Hg ).

Case 1: [e¢] = [h']). From Eq. [B-2], [Hg ] =
K. pug/ (€12 Substituting [e'] = [h'] = VK3 from
[B-3) and for pyg from [B-1), we get

K; K,

Hg(g) » Hg 1] + 2¢'; K3 =

(Hg 11 =

(K1)otKe)o ( — AH, — AH3; + AH; )
(Ka)o kT

If AH; = AH; + aH,; (Hg -] will be independent of

temperature and the electron concentration under Hg-

saturated conditions will be independent of temper-
ature in the cooled crystals,
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Case 2: [e'] ~ 3 [Hg ]
From [B-2],
(Hg 1] = Kspug/[€]?

= K3 pug/4 (Hg )2
or

[Hg 1] = (K3 pug/t):/3
_( (K1)o(K1)o )m . ( -AH,—AH,)
- 4 3kT

Thus if AH; = —aAH,, [Hg 1] will be independent of
temperature and the electron concentration in the
cooled crystals under Hg-saturated conditions will also
be independent of temperature.

It should be noted that while Hg ; are considered for
the native donor defects here, the arguments are simi-
lar if V-, are considered instead.
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Lattice Defects in Semiconducting Hg..Cd.Te Alloys

Il. Defect Structure of Indium-Doped Hg Cd  Te

H. R. Yydyanath*
Honeywell Electro-Optics Center, Lexington, Massachusetts 02173

ABSTRACT

Hall effect measurements wer2 carried out on indium-doped HgosCdgsTe
crystals quenched to room temperature subsequent to equilibration at 500°
and 600°C under various partial pressures of Hg. All the indium™-doped crys-
tals were n-type upder moderate to high partial pressures of Hg whereas they
were p-type at very low Hg pressures. The concentration of electrons ob-
tained in the cooled crystals was lower than the intrinsic carrier concentra-
tion at the equilibration temperatures. Also the electron concentration was
much lower than the indium concentration in the crystals and was found to
increase with increasing Hg pressures at the equilibration temperatures
and with increase in the total indium present in the crystals. These inferences
have led to a defect model according to which most of the adium is incor-
porated as InTey(S) dissolved in Hgp3CdosTe(S) with only a small fraction
of indium acting as single donors occupying Hg lattice sites. Based on such a
model, calculated electron concentrations in the cooled crystals as a function
of indium “oncentration and partial pressure of Hg are in agreement with the
experimentally observed values,

The role of indium as a donor and its influence on CdS (1-2) and CdTe (3-4). However, such a syste-
the native defect structure has been investigated in matic investigation into the mode of incorporation of

indium and its influence on the native defects has no*

* Electrochemicat Society Active Member so far been carried out for Hg,-,Cd,Te alloys. The

Key words defect, indium doping, Hg:-+Cd.Te, electron mobli-

ity, semiconductors
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dynamic constants for the incorporatian of the native
acceptor defects, and the intrinsic excitailon constant
in Hgo aCdo sTe have been established in the vreceding
paper (5) hereafter referred to as part I. The vresent
work was undertaken to study the behavior of ih:dium
in HgoeCdo:Te as a function of the physicochemical
conditions of preparaticn (pug, T, indium concentra-
tion, etc.) and to explain the properties of the indium-
doped crystals with the knowledge of the defect struc-
ture of the undoped crystals (8).

Experimental

Indium was evaporated onto the surface of the
undoped HgosCdo;Te crystals (x = 0.2 = 0.005) and
the indium was diffused in at 600°C and pug = 10
atm and at 500°C and pyg = 3 atm. Diffusion
times of 24 hr at 800°C and 7 days at 500°C into
samples of thickness =0.04 cm were found to be
adequate for the homogeneous diffusion of indium.
The concentration of indium in each sample was deter-
mined from atomic absorption analysis carried out by
Photometrics, Incorporated, Lexington, Massachusetts.
The residual impurity concentration in the starting
undoped Hgy sCdo :Te was <1018 em~3. The thicknesses
of the samples were minimized as much as possible in
order to improve the quenching efficiency from the
equilibration temperatures as well as to assure ther-
modynamic equilibrium within reasonable equilibra-
tion times. The equilibration procedure in various Hg
atmospheres is similar to that described in part I
Subsequent to the equilibration, the samples were
quenched to room temperature; in a few cases the
samples were air cooled to room temperature from the
equilibration temperatures. The samples were lapped,
polished, and etched in Br-methanol solution. Hall
effect and electrical resistivity measurements were
made using the van der Pauw method (6). Magnetic
field strengths of 400 and 4000G were used for the Hall
effect measurements.

Results

As mentioned in part I, only those Hall effect re-
sults which did not vary with the magnetic field and
thus showed no mixed-type conduction were used in
evaluating the carrier concentrations in the samples
using the expression

1

Ruq

The Hall effect data on all the samples doped to rea-
sonable concentrations of indium and annealed at
medium to high partial pressures of Hg showed n-type
conductivity and the electron concentration in the
samples at 77 and 300 K did not vary much, indicating
that the indium was all ionized at 77 K. Figures 1 and
2 show the electron concentration in the cooled crys-
tals as a function of the total indium present in the
samples at T = 500° and 600°C for various partial
pressurcs of Hg. From the figures, it is apparent that
the electron concentration in the samples increases
with an increase in the total indium concentration in
the samples and also increases as the partial pressure
of Hg at the equihbration temperatures increases. It is
to be noted that aithough the electron concentration is
a function of the total indium present in the crystals,
the clectron concentration is much lower than the total
amount of indium present in the crystals. -

Figure 3 shows the electron mobility at 77 K in vari-
ous indium-doped samples as a function of the electron
concentration These mobilities are lower than values
reported for HgosCdo2Te samples containing low
donor concentrations (7).

Figure 4 shows a comparison of the electron concen-
tration obtained at 77 K as a function of the partial
pressure of Hg at 500°C for crystals that were doped
with various indium concentrations and were air
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Fig. 1. Electron concentration at 77 K a1 a function of the totel
indium concentration for Hgo sCdr «Te crystals onnealed ot 500°
ond 600°C wnder the indicoted portiol pressures of Hg ond
quenched fo roum temperoture.
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Fig. 2 Electron concentration ot 77 K as o function of the partiai
pressure of Hg for HgoaCdoaTe crystals doped with veriows
omcunts of indium and annegled ot 500° ond 600°C ond quenched
to room temperature.

cooled or quenched to room temperature. It r, pears
from the results that higher electron concentrations
are obtained in the air-cooled samples than in .he
quenched samples, the deviations between the two sets
of samples being greater at lower Hg pressures.

Discussion

The approach utilized in arriving at a defect model
for the indium-doped HgqsCdysTe is similar to that
used for the undoped and copper-doped Hg,asCdgsTe
in part I. Also any defect model that is established tc
explain the experimental results in the indium-doped
crystals should be consistent with the observations in
the undoped and the copper-doped crystals of part I.

Choice of a defect model.—Based on the value of
the intrinsic excitation constant K, arrived at for
Hg #Cdo 2Te (part I) for temperatures between 400°-
655 C, data shown in Fig. 1 and 2 indicate that the
electron concentration obtained in the cool~d crystals
is much less than the intrinsic carrier concentration at
the equilibration temperatures.

Three different models can be considered to explain
the electron concentration data shown in Fig. 1 and 2.

In the first model considered, a fraction of the in-
dium is assumed to be present as singly positively
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& _"_y sites with a doubly negatively charged .. tive acosptor
$ defect; a sma’’ fraction of the indium is assumed te be
" . o Mtumun&hmdhmu
o » [ ]
i g LY 2ok S %o reaction of interest Ia
Se. 3¢ + 8In'wy + Hgong = (InngVaelnng)® + He(g)
g and the mass action relation is given by
Kiungvugiang)® = [ (InugVuglnmg)*1png/[¢°1%(In"ng)®
w0 e ! T | J . 1 L e, n]

n'¢ w'’ 't

LLECTRON CONCENTRATION, o3 7K )

Fig. 3. Electron mobility at 77K os @ function of the electren
concentrotion in indium-deped Moo sCdo 3Te crystals.

charged donors occupying Hg lattice sites while the
rest of it is assumed to be present as negatively
charged associates of singly positively charged indium
on Hg lattice sites and doubly negatively charged
native acceptor defects. Most of the indium is as-
sumed to be self-compensated as given by the electro-
neutrality spproximation

[In'ug) = [(InngVig)'] = [Inen)/2

For such a model the dependence of [¢’] on [Inix] and
Pug is inferred from the reaction

2’ + In'yg 4+ Hg"ng~» (InngViye)' + He(g)
and the mass action constant
Kaspgvig = [(InngVig)lpng/[€')3[Inywg] (1]

[(InggVig)'] = [In‘ng) = [Inea)/2
(€] « [Inwe]Pug* from (1]

Although this model qualitatively explains the weak
donor activity of indium it predicts an independence
of electron concentration as a function of the total in-
dium present in the samples, contrary to the results
shown in Fig. 1 and 2.

In the second model considered, most of the in-
dium is assumed to be present as neutral triplets
(InugVuglnyg)* formed by the association of two singly
positively charged indium donor species on Hg lattice

with
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PARTIAL PRESSURE OF Hy. owm

Fig. 4. Elactron concentration ot 77 K o3 ¢ function of the pertigl
pressure of Hg for crystals doped with different indium concen-
trations end quenched or sir covled subsequent to oquilibration ot
$00°C.

Since we know that the electron concentration ob-
tained in the cooled crystals is less than the intrinsic
carrier concentration at the equilibration temperatures,
the electroneutrality condition at the equilibration
temperatures can be approx.mated by

(@] =thl=vm

and for [(InugVuglnig}®] = [lnw '/ 4 a2 tne approxi-
mation to the indium balar . ‘uation [In'mg] o«

(Ine]*pug* at the equili - ‘emperatures. Al-
though this model gualitative . Ains the variation
of electron concentration as = “... “a of the indium

in the crystals and the partia, e nf Hg at tha
equilibration temperatures, the calculated electron
concentration in the cooled crystals conzidering the
complete neutrality condition shows a much steeper
dependence on py; than observed experimentally.
Also, the model predicts the crystals will turn p-type
even at Hg pressures close to saturation pressures,
contrary to the results of Fig. 2.

The third model considered is one where most of
the indium is assumed to be present as InsTe; dis-
solved in HgosCdysTe, with a small fraction of In on
Hg lattice sites acting as donors. The dependence of the
electron concentration on the indium in the crystals
and pyg can be inferred from the reaction describing
the incorporation of Iny, from the In;Tey(S) dissolved
in Hgo.¢Cdg gTe.

The reaction of interest is

IngTes(8) + Hg(g) = Hgtug + 2In'ng + 3¢’ 4 3Texy,
The mass action relation is given by
Kanyta-1nugp = [In'nglt{e’}¥/Cingrespue (3]
where aioq1ey is the activity of IngTe (8).

For
(¢) = h) = VRi>> [In'ng)
from relation {3}

[In‘xg)  GiagTes*Pus* & YingTes® Xingrea¥pus® (4]

where +yires 8nd Xingre stand for the activity coeffi-
clent and the mo] fraction of IngTe;(8) dissolved in
(5g0.5Cdes) Te(8).

In the cooled crystals at 77K

(¢lnx = (In'ug) — 2[V"ug) = Xingragpugh
« [Inee) %pus® (8]

Hence, the dependence of ¢ in the cooled crystals on
the indium concentration in the samples and the par-
tial pressure of Hg at the cquilibration temperatures
is explainabls.

A defect situation whore the crystal is saturated
with the dopant has besn observed for iodine-doped
CdS (8) where CdIs(8) was present as a pure second
phase; however, th: concentration of the jodine denor
species on sulfur lattice sites was independent of the
activity of Cdlz(8), acay since acqry was taken to be
unity for pure CdIy(8). In the present case, if the
In;Te, (8) does not dissolve in Hyge ¢CdesTe(8) but re-
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mains as a pure second phase, the activity of IngTe,(8)
becomes unity and the electrically active fraction of
indium (In'y,] becomes independent of the activity of
InsTe; and in turn becomes independent of the an.c.int
of InyTey(8) or the total amount of indium present in
the crystals (Eq. [3]-{8)) contrary to our experi-
mentul observations (Fig. 1 and 2). However, if
IngTes (8) dissolves in HgooCdosTe(8), the activity of
IngTe(S), aiagres, becomes a variable, increasing with
increasing amount of the dissclved In,Te;(8) and
reaching a value of unity when the solubility limit is
reached, and In;Te;(S) becomcs a pure second phase.
For such a situation, the electrically active fraction of
indium [In'y,;] becomes a function of the activity of
In;Tey(S) and thereby a function of the amount of
IngTe;(S) or the total amount of indium prasent in
the crystals (Eq. {3)-[5]); the electron concentration
in the cooled crystals which is directly proportional to
the amount of the electrically active indium be-
comes a function of the total indium present in the
crystals (Eq. [5]). Hence the diszolution of InsTe;(8)
1n HgosCdo:Te(S) is an essential requirement in ex-
plaining the dependence of the electron ¢oncentration
in the cooled crystals on the total indium present in
the cryz :ls. It should also be mentioned at this stage
that if indium in interstitial sites is considered to be
the donor species instead of indium on Hg lattice sites
the incorporation reaction is written as

InsTe3(S) 4 SHg(g) = 2In'y 4 2¢’ 4+ SHg?yg + 3Te?p,
and the mass action constant
K = [In4]}(e)%/CingzegPus®
for an intrinsic crystal with [e’] = [h'] = VEK;
[In'y] < Pugd/Paingrest’?

The electron concentration in the cooled crystals for
such a situation can be expected to be dependent on
Pug Mmvch more than experimentally observed. Alsc,
such a model predicts that the crystals turn p-type at
Hg pressures close to saturation pressures contrary to
the experimental results (Fig. 1 and 2). Thus, in addi-
tion tn the requirement that InyTes(S) be in solid
solution of HgoaCdo2Te(S) the requirement that the
majority of the electrically active indium be present
substitutionally on Hg lattice sites rather than in inter-
stitial sites must also be satisfied in order to explain
the experimental results.

The fact that the experimental results require that
In:Tey be in solution of Hg, (CdosTe up to about 1-2
mo] percent (m/0) is not unreasonable. HgTe, CdTe,
and In;Te; all have zinc blende structures with not
too largely different lattice parameters (8.45A for
HgTe, 6.47A for CdTe, and 6.15A for In;Te;) and, in
fact, it has been established by Woolley et al. (9)
and Spencer (10) that amounts of up to 13 m/o InsTe,
dissolve in HgT» and the energy gap increases with
increasing InsTe; concentration somewhat significantly
beyond about 5 m/o. We assume however, that in our
experiments for In,Te; concentration less than 1 m/o,
the influence on the energy gap of }"gasCdysTe is
negligible. The assumption appears justi - 1 since no
drastic variation in the concentration or carriers is
encountered with increasing indium concentration {n
the crystal. Pure InsTe;s is known to be p-type with
an energy gap of 0.3 eV (10) and in fact c.e of the
samples that was doped to 5 x 10%! atoms/cm® of in-
dium showed excessive IngTe; formation and the
sample was p-type.

Preliminary x-ray and Auger analysis data also
seem to support the mode] nf indium being present as
In;Tey (S} dissolved in Hgo o#Cdo 2 Te(8). Auger analysis
of the surface of a sample containing greater than
10% cm -3 of indium indicated the surface to be rich in
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indium and tellurium and tne composition corre-
sponded to IngTe;. X-ray analyses indicated evidence
of lattice parameter changes with an increase in the
concentration of indium from 3 x 101 cm=-2{0 3 x 108
cm-? with no evidence of the presence of a second
phase, whereas clear evidence of the presence of a
second phase was obtained in samples containing
greater than 10! em=? of indium. Although not en-
tirely conclusive, these data seem to support the idea
that InyTes(8) is soluble in HgosCdosTe from 1 to 8
m/o at 500°-000°C.

Analys’s of the carrier concentration in the cooled
crystals.—Denoting the high temper. ture defect state
by subscript HT, .ne complete electreneutrality con-
dition and the indium balance equation can be written
as

(eInt + 2{V 'Hglnr = [(In'Hglur + (h Jur  {8)

(In'uglnr + 2[(InsTeslpt = ([Intat) )

Expressing all the quantities in the electroneutrality
condition [8) in terms of the mass action constants de-
fined in part I, we get

[edur + 2K vig e Tur?/Ki prg = (Ivmg) + K/ {€uer
or
2{e'Pur K"vuy/Ki® pug + [¢')3u7
— [In'gg)(e'Ilnr — Ki=0 [8)

Owing to the narrow bandgap of HgosCdosTe, the
correctness of the assumption of K; = [e] [h'] =
constant for a fixed temperature for large donor or
acceptor concentrations is arguable. Since all our ex-
perimental results have shown systematic variations
of carrier concentrations as a functicn of the impos~d
physicochemical conditions in accordance with the
mass action approach, we feel our assumption is s valid
one.

In the crystals quenched to room temperature from
the equilibration temperstures

(€)rrx = [In'nelur — 2[V*uglur
[e')rr x = [In'ng) — 2K vug [€'1ur2/Kilpng 9]

vslues of the mass action constants K; and K", 4 sre
given by (partI)

Ki=9.16 x 10 exp (—0.57 ¢V/KT) cm=¢ [10}

and

or

and
K'vig = 1.58 . 109 exp (—2.24 eV/KT) em—%atm [11)]

with the knowledge K"vug and K; (Eq. [8]) gives
[e'Iur and [V~ ;] as & function of [Inug)] for various
partial pressure: of Hg.

The product of the mass action constant defined by
Eq. (3] and the activity of In;Tes(8), Kimngres-1onp
QpagTes 8Nd [e')7r x are also immediately obtained as
a function of [In yg] from Eq. (3] and (8], respec-
tively. Comparison of the calculated [¢'}+; x as a func-
tion of {In'y,] with the experimental values of Fig. 1
Zives the concentration of the electrically active frac-
tion of indium as a fun:tion of ihe total indium present
in the crystals as shown in Tig. 5. Values of
K 1njTea-1n'ug)1nsTey Chiculated earlier as a function
of [In'yg] can then be related to the total indium con-
centration in the crystals and in turn to the smount of
In;Tey present in the crystals from the ind:um balance
Eq. [8]. Figure 8 shows KiinyTes - 1g'1p"%IngTes 85 8 func-
tion of [In;Te;] present in the crystris. Since the slope
of the curves on the log-log scele is different from
unity, it appears that the activity coeficient of IngTey(®)
dissolved in Hgo ¢CdosTe (5) is not constant, but varies
with the amount of InyTes(8). Once the values of
K. 1nyTes-1n jg/GingTey 88 8 function of InyTe;(8) arc
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Fig. 6. Calculatcd volue of the product of the mass oction con-
stont K(ingTeg-In'Hg) ond the octivity of InaTey(S) in solution of
Hgo sCdo 2 Te(S) (= ([I» ng)?[e’)%/pug; expression (3] in the
text) o3 o function of the concentration of InsTes present in the
intum-doped crritols subsequent to equilibrotion ot 500° ond
600°C.
known from Fig. 8, it is possible to calculate [e']rmr x,
felur. [V nelur, [In ug), and (InaTey] as a function
of [In) and py, from Eq. [3), [7), [8]), and [9].

Figures 7 and 8 show the calculated defect con-
centrations at T = 500°C, py; = 3 atm, and T = 600°C,
Pu: = 10 atm as a function of the indium concentra-
tion in the crystals. Calculated values of the carrier
concentrations in the cooled crystals are also shown
along with the experimental values. The agreement
between the calculated values and the experimental
ones appears satisfactory. The figures also predict that
the crystal is essentially intrinsic with most of the
indium being present as Ir.sTe: wiili anly & ama!l frac-
tion present as single donors occupying Hg lsttice
sites. The concentration of the native acceptor defucts
15 essentially constant in the figures since the partial
pressure of Hg is kept constant and the crystals ¢
crsentially intrinsic.

Figure 8 shows the calculated defect concentrations
at T — 500°C as a function of the partial pressure of
Hg for 3 fixed indium conceutration in th2 crystal. It
can be noticed from the figure that although the total
indium concentration is fixed in the crystal, the amount
of the clectrically active indium varies as a function
of the partial pressure of Hg as predicted from the in-
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102!

Fig. 7. Calculated defoct concontrations ([¢’], [h'], [V'R,]),
[In'ng), ond [IngTes]) as o function of the tetel indium present
in the indium-doped Heo.sCde 3Te crystals subsoquent to equikibre-
tion ot 500°C end piig = 3 otm; dushed lines show the cokuloted
corrier concontrations obteined in the cooled crystels et 77 K;
experimental points are ahte shown for comporison.

CONCENTEATION, cm™>

Fig. 8. Cokulated defect concentrations {[(¢’]), [M], [V'yy),
[in 1g), and [insTes]) us o function of the totgl indium present
in the indium-doped Hyg ¢Cdo 2Te crystals subsequent to equilibro-
tion ot 600°C ond pug; = 10 atm; dashed lines show the ce!
culated cerrier concentrotions obtained in the cooled crystals ot
77 K; experimental points are also showa for compearison.

corporation reaction for Inyg from InsTes(S) (Eq.
[31). The concentration of the native acceptor defects
(IV*1g]) also varies in Fig. 9 since the partial pres-
sure of Hg is a variable. The calculated electron con-
centration values at 77K as a function of py, are in
agreement with the experimental values shown in the
figure. The p to n transition in the cooled crystals
(Fig. 7 through 9) occurs when [In'ng] = 2(V"n,].

Figures 10 and 11 show the calculated electron con-
centrations at 77 K for various indium concentrations
in the crystals at T — 500* and 800°C as a function of
Pry- Agreement between the calculated values and the
experimental ones appears satisfactory.
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Fig. 9. Calculated defect concentrations ([e¢’], [h 1, [V7Rg],
[1n ugl, ond [In:Te3]) as a function of the partial pressure of
Hg ot the equilibration temperature of 300°C for a fixed indium
concentration of 1.8 X 1020 cm~3 in HgosCdooTe crystols;
doshed lines show the calculoted corrier concentrati btained
in the cooled crystals at 77 K; experimentol points are aclso shown
for comporison.

It is interesting to note from Fig 8 through 11 that
even for very high indium concentrations the crystals
turr. p-type under low Hg pressures thus demonstrat-
ing the complexity of dopant incorporation in defect
semuconductors.

Effect of cooling rate on the electron concentration,
—-The results of Fig. 4 indicate that the electron con-
centration obtained in the indium-doped samples
which are air cooled from 500°C is higher t-an in
the ones quenched from 500°C, the deviation being
greater at lower Hg pressures This implies that the
native acceptor defects frozen in the air-cooled sam-
ples iz lower than in the quenched samples, thereby
increasing the electron concentration in the samples
air cooled from the equilibration temperatures. It is
not presently clcar why the native acceptor defects
rather than the indium atoms tend to precipi’ate out
during air cocling.

Electron mobility in the indium-doped samples.—
As shown in Fig. 3, the electron mobility at 77 K in the
indium-doped samples is on the order of 10¢ cm?/Vsec,
decreasing to lower values for electron concentrations
cxceeding 108 cm~3. These values are an order of
magnitude lower than reported previously (7) for
low donor concentrations (<10'S em~3). The data
shown in Fig 3 correspond to various indium-doped
samples containing indium concentrations varying
from approximately 5 x 10 cm~3 to greater than
102" cm” ?; these samples also contain doubly ionized
native acceptor defects varying from 107 em-3 to
5 % 107 cm~3 in concentrations corresponding to the
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Fig. 11. Calculoted electron concentration at 77 K in various
indium-doped Hgo sCdy 2Te crystals os o function of the partiol
pressure of Hg ofter the crystols are anneoled ot 600°C ond
quenched to room temperature; experimental ponts are glso shown
for comparison.

annealing temgperature of 500°-600°C under various
partial pressures of Hg. The large electrically active
indium concentrations (1017-10!% ¢cm=3} and the com-
pensating doubly ionized native defect concentrations
probably account for the much lower mobilities.

Conclusion

A defect model for indium-doped Hg,sCdg ;Te has
been established from Hall effect measurements on
indium-doped crystals equilibrated under various par-
tial pressures of Hg and temperatures and quenched
to room temperature. According to the mndel, most of
the indium is incorporated into the crystals as
In;Te;(S) dissolved in HggsCdy :Te(S) with only a
small fraction being present as single donors occupy-
ing the Hg lattice.
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Lattice Defects in Seiniconducting Hg.-.cd.Te Alloys
HI. Defect Structure of Undoped Hg Cd Te

H. R. Vydyanath,* J. C. Donovan, and D. A. Nelson
Honeywell Electro-Optics Center, Lexington, Massachusetts 02173

ABSTRACT

Hall effect measurements were carried out on undoped Hgy ¢Cdo «Te crys-
tals quenched to room temperature subsequent to equilibration at tempera-
tures varying from 450° to 720°C under various partial pressures of Hg. The
variation of the hole concentration as a function of the partial pressure of
Hg indicates that the native acceptor defects are doubly ionized. Native donor
defects are found to be negligible in concentration and the p-type to n-type
conversion is shown to be due to residual donors and not due to native donor
defects. Thermodynamic constant for the incorporation of the doubly ionized
native acceptor defect has been established.

Schmit and Stelzer (1} have reported electrical data
on Hgy«Cdo 4Te crystals annealed at various tempera-
tures under Hg-saturated and Te-saturated conditions.
Brebrick and Schwartz (2) have recently analyzed
these data on the basis of a defect model that assumes
all the p-type crystals to be compensated by native
donor defects and predicts the conversion of p-type
to n-type in the crystals to be due to native donor
defects. Conclusions of recent defect structure investi-
gation in undoped HgosCdg:Te (3) are in contradic-
tion to those of Brebrick and Schwartz (2). Since an
exact power dependence of the hole concentration on
the partial pressure of Hg at the annealing tempera-
tures is not possible to evaluate from tue experimenta’
results of Schmit and Stelzer (2), which were done
under Hg-saturated and Te-saturated conditions only,
the present work was undertaken to obtain additional
electrical data at various intermediate partial pres-
sures of Hg in addition to those of Schmit and Seltzer
(1). These data have enabled us to establish a more
precise power dependence of the hole concentration on
the partial pressure of Hg at the annealing tempera-
tures; the hole concentration in the cooled crystals has
been found to vary as pug~!/3 indicating that the
dominant native acceptor defects at the annealing
temperatures are doubly jonized. Just as for undoped
HgoaCdo2Te (3) the electrical data in Hgo ¢CdoTe
have been explained satisfactorily on the basis that
the native acceptor defects are doubly ionized, that
the native donor defects are negligible in concentsa-
tion, and that the conversion to n-type in HgosCdp (Te

* Electrochemical Soclety Active Member.
Key words- defect, Hg:-/Cd. Te, hole mobliity, semiconductors.

crystals is due to residual foreign donors. The depend-
ence of the hole concentration on the partial pressure
of Hg and the temperature of equilibration has led
to the establishment of the thermodynamic constant
for the incorporation of the doubly ionized native
acceptor defect.
Experimental

The composition of the crystals used in the present
work corresponded to x = 0.4 = 0.005. The residual
impurity concentration was <10 em=3. In order to
improve the efficiency of quenching the high tempera-
ture equilibrium, the thickness of the samples was
restricted to <0.04 em. Equilibration periods ranged
from 24 hr at temperatures >500°C up to 2-3 weeks at
450°C. The procedure of equilibrating the samples in
various Hg pressures and quenching the samples sub-
sequent to equilibration is identical to that of part I
(3). It should be mentioned here that while Schmit
and Stelzer (1) used Te powder along with the sam-
ples for equilibration under Te-saturated conditions,
we have used equivalent Hg pressures (4-6). Subse-
quent to the equilibration, the samples were quenched
to room temperature. The samples were lapped, pol-
ished, and etched in Br-methano] solution. Hall effect
and electrical resistivity measurements were made
using the van der Pauw method (7). Magnetic field
strengths of 400 and 4000G were used for the Hall
effect measurements.

Results

As mentioned in part I (3) only those Hall effect
results which did not very with the magnetic field
and, thus, showed no mixed-fype conduction. were
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used in evaluating the hole concentrations in the sam-
ples using the expression
)}

P = ——

Rug

Hall coefficient as a function of temperature of mea-
surement is shown in Fig. 1 for undoped (Hgy ¢Cde.«)Te
samples equilibrated at the indicated temperatures
and partial pressures of Hg. It can be inferred from
the figure that the ionization of the native acceptor
defects appears to be complete around 190-200 K and
at higher temperatures intrinsic carriers begin to be-
come important. We have used hole concentration
measurements at 192K to infer the concentration of
native acceptor defects present at the equilibration
temperatures. Figures 2 and 8 show the hole concen-
tration at 192 K as a function of the partial pressure
of Hg for various equilibration temperatures ranging
from 450° to 720°C. The hole concentration increases
with decrease in the partial pressure of Hg, but more
weakly than was found for Hge4CdysTe (part I) (8).
In undoped Hgy3sCdy 2 Te the hole concentration varied
as prg~! (part I), whereas, results of Fig. 2 and 3
indicate that the hole concentration in undoped
HgosCdo.«Te varies as pug—!/* and increases with in-
crease in temperature.

Figures 4 and 5 show the mobility of holes at 77 and
192K as a function of the holz concentration. The
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hole mobilities at 77 K are lower than those obtained
for HgosCdosTe (part 1) (3).
Discussion

The quasichemical approach used to arrive at the
defect model has already been described in part I
(3) and, hence, is not detailed here.

Native acceptor defects.—The fact that the hole
concentration in the crystals is proportional to pyg~1/?
(Fig. 2 and 3) indicates that the native acceptor de-
fects are doubly ionized. The formation and jonization
of these defects can be described by the following
reaction and mass action relation

Hg?ug = Vg + 2h + Hg(g); Hovpg (1]
K7vig = (V7ug] (h'13puy (2]
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I the electroneutrality condition is dominated by
V"ug and h- then we have

(h') = 2{V"ge] > (@)
From expression [2) we get
{h') = (2K vig)'/* pug~!7
The dominance of V*yg at the equilibration tem-
peratures implies that the undoped (Hgs.¢Cdy()Te
crystals are not intrinsic, unlike undoped (Hgy«Cdea)Te

crystals (part 1), in HgoeCde(Te, at the annesling
temperatures

[h-] = 3[V"ng) > VK > [¢)
whereas, in Hgy ¢CdysTe

2V ) < [¢] = [h)VKi (partD)

Thus, although the native acceptor aspects are
doubly ionized in both x = 0.2 and = 0.4 crystals,
the dependence of the hole concentration on the partial
pressure of Hg in the cooled crystals is different for
the two compositions.

The fact that the intrinsic cerrier concentration for
the x = 0.2 material is higher than that for the x =
0.4 is a consequence of the lower bandgap for the x =
0.2 material.

Comparison of present erperimental results with
previous work.—Our experimental results differ from
those of Schmit and Stelzer (1) at higher tempera-
tures of equilibration as well as for Te-gaturated con-
ditions. We did not observe any decrease in the hole
concentration at T > 600°C, as found by Schmit and
Stelzer. Also, we obtain higher native acceptor defect
concentrations (or higher hole concentrations) under
Te-rich conditions than Schmit and Stelzer did. It is
to be noted that the electrical dcta in Ref. (1) were
obtained for crystals annealed in Hg vapor and Te;
vapor, with Hg or Te being at the same temperature
as HgosCdoTe. It is known that the saturation Hg
pressure over HgoCdo Te (4-6) is less than that of
pure Hg itself, the difference being higher at tem-
peratures greater than 300°C. Hence, by exposing the
Hgo sCdy (Te crystals to saturated-Hg vapor at greater
than 500°C, in the experiments of Schmit and Stelzer
(1), compositional changes in the samples may have
arisen. Also, similar arguments apply for anneals in
saturated Te; vapor, reported in Ref. (1). In addition,
it is also known (4-6) that the partial pressures of
Tes over Hgo¢CdoyTe under Te-saturated conditions
are orders of magnitude lower thar. partial piessures
of Hg under Te-saturated conditions. Hence, depend-
ing on the kinetics of the different equilibration pro-
cesses and depending on the fact that during the heat-
up of the samples and the tellurium source, the sample
may not have stayed within the existence region,
compositional changes for anneals under Te-saturated
conditions may also have risen in the experiments of
Hef. (1). In the present work, however, equilibrations
under Te-saturated conditions were done in Hg vapor
&t equivalent partial pressures of Hg (4-6) rather
than in Tey vapor. As discussed in part I, macroscopic
defects such as voids, Hg or Te irclusions, etc. can
affect the quenching efficiency of the crystals. Pres-
ence of these may also account for the lower hole
concentrations obtained by Schmit and Stelzer (1).

p-type to n-type conversion {n undoped
(HgosCdo 4)Te.—Schmit and Stelzer (1) found the
undoped (Hgo.¢Cdo)Te samples converted from p-
type to n-type under Hg-satursted conditions at tem-
peratures below about 330°C. The conversion tem-
peratures for the two crystals that they experimented
with were different and the electron concentration in
both samples was independent of the equilibration

8203-01
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temperature at temperatures below the conversion
temperatures. If the p-type f0 n-type conversion is
due to native donor defects, a temperature dapendence
of the electror. concentration should be expected just
as is observed for the hole concentration (1) unles
the enthalpies amsocisted with the wvaporization of
Hg(l), the intrinsic excitation constant, and the in-

temperature. For details see Appendix B
However, it the conversion is due to native donor de-
fects, the p-type to n-type conversion temperature
should be the same for different samples as long as na-
tive donor defects are larger in concentration than the
foreign donors. Thus, even if the temperature in-
dependence of electron concentration under Hg-satu-
rated conditions can be explained on the besis o
native donor defects, different conversion tempers-

present in the crystals. Hence, the concentration of
native donor defects in undoped (Hge.«Cde)Te crys-
tals appears to be negligible and, at least, less than
1013 em -3 at 300°C.

Absence of compensation.—While attempting to ex-
plain the low experimental mobilities of holes in
(Hge.¢Cdo4) Te, Scott et al. (8) assumed that all the
undoped p-type samples were heavily compensated.
This implied that the compensation mechanism in
their crystals was probably a result of the dominance
of either Schottky defects ([V'ng] = [V-'1,]) or
Frenkel defects ([V*ng] = [Hg1]) (2). Evidence of
any such compensation in our samples is lacking.
Figure 4 indicates that the hole mobilities at 77 K vary
(aithough only weakly) as a function of only the
hole concentration in the crystals, irrespective of the
partial pressure of Hg and the temperature of the
anneal. If th:re was any compensation by native donor
defects, the concentration of these defects can be ex-
pected to be exponentially dependent on temperature
and the mobility dependence on the hole concentra-
tion would not have been as linear as shown in Fig. 4.

It should be pointed out that mobility results similar
to those of Scott et al. (8) mentioned above, have
been observed by others (9-14). For instance, electron
and hole mobilities less than predicted by the Brooks-
Herring expression for the ionized impurity scattering
(9) have been reported by Reynolds et al. (10) for
(Hgo sCdo.s) Te. These authors explain the discrepancy
to be due to the inadequacy of the Brooks-Herring
formula for doping levels on the order of 10i¢ cm—?
in the n-type material and of 10! cm=# in the p-type
material, and they choose not to invoke compensation
as the reason. Ionized impurity mobility calculations
at 77 K in degenerately doped n-type GaAs (11), n-
type HgSe (12), and p-type Ge (13) at 77 K where
the Brooks-Herring formula has considerably over-
estimated the mobilities due to ionized impurity scat-
tering have also been reported. Recent calculations of
Nishizawa et al. (14) for hole mobilities due to jonized
impurity scattering in (HgysCdg 19) Te yielded values
45 times larger than the experimentally measured
mobilities. According to these authors, the discrepancy
between the theoretical and experimental mobilities of
holes due to jonited impurity scattering is a common
feature of many semiconductors. In view of these
arguments it appears that more tho.ough calculations
of hole mobilities in Hg;-,Cd,Te alloys are needed.

Mass action constant K"y, —8ince the power de-
pendence of the hole concentration on the partial pres-
sure of Hg in the cooled crystals does not appear to
be greater than 1/8, the only dominant species at the
annealing temperatures appear to be the holes and
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the native acceptor defects ([e’] << [V'ngl =
[(h-)/2). Assuming that [h'] = 2[V"m] at the high
temperature as well as in the cooled crystals, from
Eq. [2] we get

K*vrg = ([h']3/2)png )]

Using a procedure of trial and error, an expression for
K"vng in the form of Ae—@/kT was arrived at, which
best explained the experimental results of Fig. 2 and
3 at various temperatures. Greater emphasis was
placed on the results at lower annealing temperatures
with the assumption that results from the highest tem-
perature anneals may suffer from a greater quenching
ineficiency. The value of K"vug was evaluated to be

K"vag = 6.6]1 X 1085 exp (—2.20 ¢eV/kT) (cm~9% atm) [4]

or, in terms of site fractions, (there are 1.33 x 1032
molecules/cm? in Hgo ¢Cdg.¢1e)

Kryng = 0.279 exp (—-2.29 eV/kT) site Fr¥atm [§]

The hole concentrations calculated based on this value
of K"vug are shown in Fig. 2 and 3 as solid lines. The
agreement between the experimental results and the
calculated values appears satisfactory.

Since Hgo¢Cdo4Te melts at a higher temperature
than HgosCdo sTe and has a greater bandgap, the en-
thalpy associated with the incorporation of the doubly
ionized acceptor defect can be expected to be higher in
x = 0.4 material than in £ = 0.2 material. The en-
thalpy for x = 0.4 from Eq. [4] is 2.20 eV, whereas,
that for x = 0.2 material established in part I is 2.24
eV.

Since the intrinsic carriers do not dominate the
electroneutrality condition in r = 0.4 material for
temperatures between 450°-720°C, evaluation of the
intrinsic excitation constant K; = [e’}J[h'] was not
possible. Howev.r, from the results of Fig. 2 and 3 it
appears that the intrinsic carrier concentration is less
than 3 x 1016 cm—3 at 450°C and less than 3 x 10!7
cm—3 at 720°C. These upper limits of the intrinsic
carrier concentrations are lower than those extrapo-
lated from the empirical expressions for n; for x = 0.4
in literature (15).

Hole concentrations for anneals under Hg-saturated
and Te-saturated conditions.—With the knowledge of
the partia]l pressures of Hg under Hg-saturated and
Te-saturated conditions (4-6) and the value of K vug
(expressions (4] and [5)) established in the previous
section, the hole concentrations in the crystals cooled
to room temperature after anneals at different tem-
peratures can be calculated from Eq. {3). Figure 6
shows the celculated hole concentrations under Hg-
saturated and Te-saturated conditions. It is to be noted
that the calculations assume the concentrations of the
residual donors and acceptors to be negligible in com-
parison with the native defect concentrations at the
aaneal temperatures. Figure 6 shows the experimental
results of the present work, as well as those of Schmit
and Stelzer (1). It is clear from the figure that
quenching inefficiencies or the presence of voids and
inclusions in the material (part I) can cause scatter
in the data, particularly at higher temperatures. Also,
the decrease of hole concentration with increase in
temperature at T > 600°C for Hg-saturated conditions
observed in Ref. (1) appears to arise from the quench-
ing inefficiencies and is not a real effect since our re-
sults show a continuous increase in hole concentration
with increase of temperature from 450° to 720°C.
Residual impurity concentrations were neglected in
the electroneutrality condition used to arrive at the
hole concentration cal.ulations detailed in the pre-
vious section. At lower temperatures of annealing the
presence of residual donor concentrations can con-
siderably affect the hole concentration in the sam-
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brated in Hg- ond Te-saturated conditions.

ples. The Appendix details the calculation of the hole
concentration in the crystals in the presence of residual
donors. Such a calculation assuming a residual donor
concentration of 10! cm-3 is shown as a dashed line in
Fig. 6. It is clear from the figure that the results of
Ref. (1) at 375°C under Hg-saturated conditions can
be cxplained if the crystals are assumed to have ap-
proximately 101¢ cm—3 re zidual donors.

The expressions for th: hole concentrations in the
cooled crystals as a funct.on of temperature for Hg-
saturated and Te-saturated ~onditions are given by

[h ] (Hg-saturated) = 3.61 x 102

exp (—0.58 eV/kT) cm—3 [6]
ard

[k‘] (Te saturated) = 3.65 x 10!
exp (—~0.33eV/KT) cm-2 [7)

Isohole concentration plot.—Hole concentration cal-
culations as a function of the anneal temperature and
the partial pressure of Hg as detailed in the two pre-
vious sections enable us to draw lines of constant
deviation from stoichiometry as a function of tem-
puerature and partial pressure of Hg. A plot of such
lines of constant hole concentration is shown iu Fig. 7.
The upper and lower Hg pressures within which the
solid is stable at each temperature were obtained from
references (4-6). Comparison of this plot with a simi-
lar one for HgosCdg:Te (part I, Fig. 12) indicates
that the concentration of native acceptor defects ob-
tained in x = 0.4 material is lower than ir r = 0.2
material. The temperature dependence of the hole con-
centration in the cooled crystals is also shallower fur
x = 0.4 than for x = 0.2 owing to the fact that the
x = 02 crystals are intrinsic at the anneal tempera-
tures, whereas the x = 0.4 crystals are not.
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Hole mobility in HgoeCdoTe.—Figures 4 and 5
show that the hole mobility at 77 K decreases with
increase in hole concentration whereas it is relatively
independent of the hole concentration at 192K indicat-
ing that the hole mobility at 182 K is almost completely
dominated by lattice scattering whereas ionized im-
purity scattering contributes to the mobility at 77 K.
The absolute hole mobility at 77 K as well as its de-
pendence on the hole concentration in Hgo +«Cdo (Te are
less than in Hgo sCdo sTe (part I) (3).

Conclusion

Based on the variation of the hole concentration as
a function of the partial pressure of Hg in crystals an-
nealed at various temperatures and quenched to room
temperature, the dominant native acceptor defects in
undoped Hg, eCdo4Te have been established to be
doubly ionized. The mass action constant describing
the incorporation of the doubly ionized acceptor defect
explains the experimental results satisfactorily.
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APPENDIX
Hele Concentration Colculations in Mye ¢Cdo.4Te Containing
Assidusls Deners

Electroneutrality condition:
High temperature

3[V'nglar = [h'ler + (D] [A-1]
Cooled crystals

(b'lur = 2 [V*mglur — [D'] (A-2]

Subscripts HT and LT in Eq. [A-1] and [A-2] refer
to the Kuh temperature low temperature defect
states, respectively; [D] refers to concentration of re-
sidual donors in the umglu. assumed to be always
ionized and independent of anneal temperature.

Expressing the species in Eq. (A-1] and [A-3] in
terms of the mass action constant K*vyg (Eq. [2] of
main text) we pet

2 K"vrg/ ([h')*urpny) = [h']ur + (D7)
[h'Pur + [h'Par(D] = 2K"vae/puy  [A-3]
In the cooled crystals
(h'lir = 2K vuy/ ([h-1urprg) — (D]  [A-4)

with the knowledge cf K"vug (Eq. {2] cf the main
text) hole concentration in the cooled crystals can be
calculated from Eq. [A-3] and [A-4] for various fixed
residual donor concentrations in the crystals.
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DOPING BEHAVIOR OF I0DINE IN Hgg, oCdg, ,Te?

4.R. Vydyanath

HONEYWELL
Electro-Optics Noerations
2 Forhes Poad, Lexington, Massachusetts 02173

and F.A. Krbger

Oepartment of Materials Science, University
of Southern California, Los Angeles, California 90007

(Received April 21, 1981)

lodine doped single ciystal samples of Mgy gTdg, ,Te
wer2 annealed at temperatures varying from 453 to 600°C
‘ in Hg vapor and quenched to room temperature. Hall
effect measurements at 77 X on the crystals cooled to
room temperature indicate the samples to be n-type after
anneals at high Hg pressures whereas they turn p-type
after anneals at low Hg pressures; the electron concen-
tration incre2ses with increase in Hg pressure. The
results are explained on the basis that the crystals are
saturated with (Hg,Cd)I,, with the iodine heing present
as donors occupying tellurium laitice sites (Ife) and
a fraction being present 3s “TeVHg)' species formed
fron the fodine on tellurium lattice sites (Ite) pair-
ing with the doubly 1ionized native acceptor defects
(Viig)e The solubility of the Ijp species increases
with increase in Hg pressure, whereas that of the
(I1eVHg)' species increases with decrease in Hg

t  This work was supported by MNASA under contract
NAS8-33245.
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pressure.  Equilibrium constants for the incorporation
of the fodine species as well as the pairing reaction
have been established.

Key words: lodine, Mercury Cadmium Telluride, Il - 1V
compounds, doping, Hall effect, Defect, Electron mobil-
ity.

Introduction

With the emergence of Hg,_xCd,Te as a techno-
logically useful infrared detector material,! it has
become important to study in detail the nature of impu-
rities and dopants in this material., As part of a
program aimed at understanding the physicochemical prop-
erties of undoped and ' doped Hg,_,Cd,Te compounds,?
the defect structures of undoped Hg,,eCd, ,Te,
undoped Mgy g-dg ,Te, copper doped, and indium doped
Hgg,eCdg,2Te were reported recently.3-3 The
present work was undertaken to extend such a defect
structure 1{nvestigation to {odine 1{in MHgq, oCdg, pTe.
Halogens have been known to be donors occupying chalco-
gen lattice sites in II-VI compounds.® [In the present
work, the defect state prevailing in the jodine doped
samples at the annealing temperatures is deduced from
the Hall effect measurements on the crystals cooled to
77 K from the annealing temperatures. The results
obtained are similar to those found for fodine doped CdS
established from in situ high temperature Hall efferat
measurements previously;’ fodine acts as a single donor
occupying Te lattice sites with a fraction pafred with
the native &..eptor defects. The crystals are saturated
with the metal fodide which influences the incorporation
of the fodine donor species on tellurium sites as ‘well
as the (IreVyg)' species, which result from the
fodine or tellurium sites pairing with the doubly
fonized native acceptor defects. The concentration of
the Iye species increases with increase in the partial
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Doping Behavior of lodine in Hg,,Cd,,Te

pressure of Hg, whereas that of the pair species
tncreases with decrease in the partial pressure of Hg.
The equilibriun constants evaluated for the incorpora-
tion of the isolated fodine species as well as the
fodin Hg vacancy pairs satisfactorily explain the
experimentally observed carrier concentration data.

Exgsri-ental

lodine doped Hgy gCdy ;Te crystal was grown by
the solid state recrystillization method.® The total
amount of iodine in the starting charge material was
approximately 10?° em-3. Single crystal slices of
Hgo ,8Cdg ,2Te were cut t.om the targer boule. The
slices were lapped down to thicknesses of less than 0.04
c¢m and were subsequently polished, etched in .Br metha-
nol, and rinsed in D! waier. The samples were ann.aled
in evacuated quartz ampoules containing some Hg also to
obtain the desired Hg pressure.3 The annealing experi-
ments were carried out within certain limits of partial
pressure of Hg set by the phase boundary limits for
Hgo .aCdo.2Te (S).2 Typical arneal times used were
24 hours at temperatures of 600°C and higher, 3 davs at
550°C, 7 days at 500°C, and 4 to 6 weeks at 450°C.
These equilibration periods appeared satisfactory for
the complete homogenization of the samples. Subsequent
to the anneals at the high temperatures, the ampoules
were quenched in fce water. Hall effect and electrical
resistivity measurements were made using the van der
Pauw technique.‘° Magnetic fields of 400 and 4000 gauss
were used for the Hall effect measurements.

Results
In order to ascertain an unambiguous evaluation of

the carrier concentration, only those measurements where
the Hall effect did not vary with the magnetic field
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were used in determining the carrier concentration in
the samplcs.’ The carrier conczatration was calculated
using the expression:

norps ]iiaf

The hole concentration in the p-tyve samples and the
electron concentration in the n-type samples did not
vary with the temperature of measurement varying from
77 K to 145 K, thus indicating that the fodine donor
species as well as the 1cdine acceptor species and the
native acceptor defect species are all {fonized at 77 X;
all the carrier concentration measurements were carried
out at 77 K to deduce the defect state at the annealing
temperatures. .

Fig. 1 shows the carrier concentration at 77 ¥ in
the fodine doped samples as a fraction of the partial
pressure of Hg at the various annealing temperatures.

It is apparent from the figure that the samples are
n-type undi:r Hg rich conditions whereas they turn p-type
at lower Hg pressures similar to the observstis - in the
indiun doped samples.' Also, the elect.. 22...:tration
appears to increase with increase in the Hg pressure
Just as was observed for the indium doped samples.“

Fig. 2 shows the electron mobility at 77 K as a
function of the elec.ron concentration in the samples.
The magnitude of the electron mobility is similar to
that observed in the indium doped samples® for compara-
ble electron concentiations.

3
kL
H
3
©

Discussion

" lodine can exist in two forms, namely as a single
donor occupying Te lattice sites Iye or paired with
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the doubly ionized native acceptor defects as
(T1eVng) '+ The following inferences can be drawn
from the experimental data:

1'

3.

4.

Several defect situations can be considered to explain

The concentration of iodine in the start-
ing charge was on the order of 10%°

o3, whereas the maximum electron con-
centration in the doped samples is only on

the order of 10'% cm-3.

The coiucentration of electrons obtained at
77 X is less than the intrinsic carrier
concentration® at the annealing tempera-
tures.

The concentration of electrons increases
with increase in the Hg pressures.

The hole concentration in the p-type sam-
ples at low Hg pressures is close to that
obtained in the undoped samples.3

the experimental data:

1.

8203-01

| Ite] = (11o7] = constant and the

crystal is intrinsic at the annealing
temperatures. In the cooled crystals
(e'] = [I7e] » [vﬁg]. Such a model
would predict an electron concentration
independent of the partial pressure of Hg
particularly at lower temperatures and
higher Hg pressures for which conditions
the native acceptor defect concentration
is expected to be less than the concentra-
tion of the electrons obtained in the
crystals. The experimental data are in
disagreement with this model.
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[17e] = [(IveVng)'] = [Ivor/2]

and the crystal is intrinsic at the
annealing temperatures. In the crystals
cooled to 77 K, [e'] = [Iye] minus
[(IreVhg)']. T™is model predicts an
independence of the electron concentration
as a function of the partial pressure of
Hg particularly at the highest Hg pres-
sures contrary to the cbserved results.

The crystals are saturated with iodine
with the formation of (Mg gCdg,.2)12

as the second phase. The concentration of
I7e as well as (IyeVug)' depends on

the partial pressure of Hg with [Iye])
varying as pHg*‘/Z and [(IygVyg)']

varying as pHg‘l/z. The incorpora-

tion reactions of interest are:

A. Hg(g) + (Hgo gldg:2)12(S)
—2 17, +2 +1.8 Hg:g + 0.2 c,d;g
. 1.8 0.2
¢ . (rel? [ oyl (o]
Te

(1)

P a
Hg (Hgo,8Cdo,2) 12

where a(Hg, ,Cdg ,)1, refers to the
activity of the (Hgo.ngo.z)Iz(s)
phase.

As long as the partial pressure of Hg is
within the phase boundary limits for
(Hgo .8Cag.2)Te(s)® the composition can
be assumed to be constant and hence

[Mgfig) = 0.8 and [Cdig] = 0.2
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[I .]2[ .]2
e
.o. KlTe - Te

2p 2 (2)
Pug (Hgq.gCdg, o)1

For an intrinsic crystal [e'] = [h°] =
/K;e  Since the crystal 1is saturated
with iodine and (Hgp, gCdg,2)I2 exists
as a pure second phase, a(yg, oCdy 2)I,*
the activity of the metal iodide is unity
and hence ([I7e] a Pyg'/? from mass
action relation (2).

*Vyg * (IgVpg)'

B. Iy,
B(1lyg) (e 1| [1ga] D) "
C. O+e' +h

K= le] M) (8)
n. HgH; N vH; + 20"+ Hg (9)

" " .2

combining mass action constants (2), (3), (4) and (5) we
get

' 1/2 2
P(I1aVnq)’ 1/2 /2 1/2
eHgl 17k ke [e'] a
;e VMg (H90,80d0.2)12
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For an intrinsic crystal with

[e'] = [h*] = /K; and

a(Hgy .sCdp o)1, = 1 for a pure
second phase of (Hgg, aCdg.2)I;

RYL
[(ITeVHg)'] a pHg from mass action relation (5).

This last model is similar to that established for
iodine doped cdS’ where CdI, was assumed to be present
as a pure second phase. Similarity between the Indium
doping' and lodine doping in Hgy gCdg ,Te is also
worth noting. In the Indium doped crystals the samples
are intrinsic at the annealing temperature with the
electron concentration increasing with increasing Hg
pressure; however, in that case the dopant compound
In,Te; is present as an unsaturated solid solution with
aIn, Te; the activity of the metal telluride being
variable, whereas in the present case the solution of
(Hg,Cd) I, is saturated with 3(Hdy.eCdg.p) 1, = 1-

Analysis of the Carrier Concentration in the
Cooled Crystals

The various species to be considered in the elec-
troneutrality condition are e', h*, Vg, Iye and

(ITeVHg)'-

The complete electroneutrality condition is written
as:

[e] + 2 (Vi) + [V ] = {1 + [0°] (M)

3-39
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Expressing the various species in terms of the mass
action constants defined in relations 1 through 5 we

get:
1/2 1/2 "
K K fe']
[1] -l ] 2 2 P v (] I
ZKing PHg [e*] \ TreVhg’ Tre

[e']+

2 2, 1/2
% Ki® Pug

1/2 142 1]2
2 ! Kl / pHg i
Te .
[e') [e']
with some simplification we get:
1/2 172
3 1 Kp X .
{e']? & pr 2 (1_v. )1 Vidg

VHg "Hg . [e‘]z 1+ Te Hg Te

K,
=0 (8)

1/2 12 142
/ K/ / + K. . (9)

In the crystals cooled to 77 K

[e' Y7 g or [0l ¢ = | Uye) - 20050] - [(1pe¥yg)' )}
(10)

The concentrations ([Vugls [(ITeVug)'] and [Ife]
in Equation (10) are given by the second, third, and
fourth terms of Equation (8), respectively. Of the four
mass action constants in Equations (8) and {9), values

3-40
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of the two constants K; and Kvﬂ are known from the
work on the undoped crystais and are given by

Ky = 9.16 x 10*% exp (-0.57 eV/kT) em$ (11)

K;Hg = 1.58 x 10%° exp (-2.24 eV/kT) crm? atm (12)

The values of the constants Ky, and Kp(1puvy y

were optimized by a procedure of trial and error until
the calculated carrier concentration as given by Equation
(10) agreed best with the experimental results, as a
function of the partial pressure of Hg at various temper-
atures. The values of the mass action constants K,

and KD(ITeVHg). established from the present work

are given by

= 2.8 x 10%3 exp (1.434 eV/kT) em-t? atm-!

K
Te (13)

and

21
Kp = 3.77 x 10 exp (0.445 eV/kT)em?
(1 (14

mvm’
or, in terms of site fractions (there are 1.26 x 1072

molecules cm > in Mgy, gCdg.oTe)

.25 -t
= 1.1 x10 exp (0.717 eV/kT) site Fr* atm
Te (15)

K

and

=1
"p(rTeng)‘ = 47.5 exp (0.445 eV/kT) site Fr  (16)

The calculated defect concentrations as a function of
the partial pressure of Hg at various temperatures are
shown in Figs. 3 through 6; the experimentally obtained
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Fig. 3. Calculated Defect Concentrations ([e'], [h°],
[Ifej» [(ITeVHg)'J and [V"Hg]) as a
Function of the Partial Pressure of Hg for
lodine Doped Hgy ,gldy ,Te Annealed at 600°C
and Quenched to Room Temperature; Calculated
Electron and Hole Concentrations Expected at
77 X (indicated by solid and dashed lines
respectively) are Also Shown Along with the
Experimental Points.
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Fig. 4. Calculated Defect Concentrations ([e'], [h*],
[I1els [(I1eVng)'] and [V"yqgl) as a
Function of the Partial Pressure of Hg for
Iodine Doped Hgy gCdy.,Te Annealed at 550°C
and Quenched to Room Temperature; Calculated
Electron and Hole Concentrations Expected at
77 K (indicated by solid and dashed lines
respectively) are Also Shown Along with the
Experimental Points.
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Fig. 5. Calculated Defect Concentrations ([e'], [h*],

[17e], [(I7eVhg)'] and [V"ygl) as a

Function of the Partial Pressure of Hg for
Iodine Doped Hgy ,gCdg, 2Te Annealed at 500°C
and Quenched to Room Temperature; Calculated
Electron and Hole Concentrations Expected at
77 K (indicated by solid and dashed lines
respectively) are Also Shown Along with the

Experimental Points.
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Fig. 6. Calculated Defect Concentrations (fe'], [h*],
[Ited, [(ITeVhg)'] and [V"4gl) as a
Function of the Partial Pressure of Hg for
Iodine Doped Hgy ,gCdg,,Te Annealed at 450°C
and Quenched to Poom Temperature; Calculated
Electron and Hole Concentrations Expected at
77 X (indicated by solid and dashed lines
respectively) are Also Shown Along with the
Experimental Points.
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carrier concentrations are also shown in the figures.
The agreement between the calculated values and the
experimentai results appears satisfactory ercept near
the p-n transition points. Inadequate quenching can
explain the discrepancy somewhat. Near p-n transition
[17e] = 2 [VHg)*[(I7eVug)' ] If the quenching
is inadequate, the sample may spend sufficient time at a
Tower temperature (between room temperature and the
anneal temperature) where the pairing reaction between
I7e and Vjo fis promoted with the result that the
partial pressure of Hg at which p-n transition occurs
moves to lower Hg pressures. As can also be notad from
the figures, the concentration of the 1{odine donor
species increases with increase in the partial pressure
of Hg whereas the opposite is true for the iodine
acceptor species. The concentration of the native
acceptor defects 1is essentially the same as in the
undoped crystals® since the concentration of lodine in
the crystals is insufficient to make them extrinsic; the
crystals are intrinsic just as the undoped crystals are
under similar physicochemical conditions,3

Coulombic Value for the Enthalpy of Pairing
Between Iyg and‘!gi

The pairing constant is written as:

-1
Kp = Kp°® exp (-Hp eV/kT) (Site Fr) (17)

Hp, the enthalpy of pairing can be calculated on the

basis of coulombic attraction between Iy and Vug
-Zqz
‘H = e (reference 11) (18)
Foer

where ¢ is the static dielectric constant, r is the dis-
tance between 1Ii, and Vy,.  The factor 2 arises
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because of the double charge on V;;g. For

Hgg, eCdg,oTe. € = 17.5! and r, - Te = 2B A°

(v3/4 times ap = 6.46 R). ’\iﬁ'e calculated value based
on the coulombic calculations turns out to be

HP b4 '00581 eV

This value is deemed to be close to the value of -0,445
eV [expressions (14) and (16)] calculated by us from the
experimental data.

Solid Solubility of Iodine in
Hgo,eCdg.2Te

The carrier concentration data shown in Tlig. 1
indicate an increase of electron concentratior at 77 K
with decrease in the annealing temperature for compara-
ble Hg pressures, implying an increase of the solubility
0¢ the e species with decrease in temperature.
Fearing that complete equilibration may not have been
attained at the lower temperatures, (particularly with
regard to the lodine species) Hall effect measurements
were carried out on several samples which were thermally
cycled from the lower temperature to higher temperatures
and vice versa; the resuiting carrier concentrations
were independent of the prior thermal history thus con-
firming the validity of the experimental results of
Fig. 1 showing a negative temperature dependence of the
solubility of 1I7o species in Hgg, 4Cdg, ,Te. The
negative temperature dependence of [Ie] arises from
the negative temperature dependence of the mass action
constant KITe (relation 15) which s not surprisin.
considering the large entropy of Hg (g) (reaction A). A
negative AH is also not surprising considering that Hg
without interaction as it is in Hg (g) is changed to Hg
interacting with Te when in solid solution (reaction A);

3-47
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the entropy works the other way, decreasing the solu-
bility with increasing temperature. The calculated
defeci fsotherms shown in Figs. 3 through 6 do predict
an increase of the totai amount of lodine in solid
solution of Hgg gCdg,2Te ([ITot] = [ITed +
[(ITeVHg)']) with decrease in tempersture thus
accounting for the experimental results of Fig. 1.

Electron Mobility

The values of electron mobility shown in Fig. 2 for
the iodine doped samples are comparable to those
obtained for indium doped samples for similar electron
concentrations. The data in Fig. 2 appear to indicate
that the mobility initially increases with decrease in
electron concentration, and decreases with decrease in
electron concentration for electron concentrations less
than about 2 x 10'7 em-3. A qualitative explanation for
this can be elucidated from the defect concentration
isotherms shown in Figs. 3 through 6. As can be noted
from these figures, for electron concentrations greater
than 2 x 10!7 em~3 the doubly ionized native acceptor
defect concentration is negligible compared to the
singly Ionized lodine species anc the mobility is essen-
tially dominated by the lodine species, and thus the
mobility decreases with increasing electron concentra-
tions originating from increasing iodine donor concen-
tration. For electron concentrations less than 2 x 10!’
cm'?. the concentration of the doubly ionized native
acceptor defects (V“g) becomes dominant enough to con-
tribute to ionized impurity scattering. Since these
scatter four times more strongly than the singly ionized
[odine species, the electron mobility decreases with
increase in the concentration of these native acceptor
defects and thereby with decrease in electron concentra-
tion.
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Concluston

Iodine acts as a single donor occupying tellurium
lattice sites (I1e) and a large concentration exists
as (ITeVHg)' paired with the doubly ionized native
acceptor deiccts, Equilibrium constants have been eval-
uated for the incorporation of the lodine species as
well as for the lodine-native acceptor defect pairing.
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Mode of Incorporation of Phosphorus in Hg g, gCd o, 2Te*

H.R. Vydyanath and R.C. Abbott
Honeywell, Inc.
Electro Optics Operations
2 Forbes Roaa

Lexington, Mass. 02173

Singie crystal samples of phosphorus doped Hgo, &ldo, 2Te were
annealed at temperatures varying from 450°C to 600°C in different partial pres-
sures of Hg. Hall effect and mobility measurements were performed on the
samples cooled to room temperature. All the samples weré found to be p-type
with the hole concentration being much less than the total amount of phosphorus
present in the crystals. The hole concentration was found to increase with in-
crease in partial pressure of Hg in contrast to the behavior observed in
undoped crystals. Also, the hole concentration obtained in the doped samples
at low Hg pressures was less than that in undoped crystals. The 77 K hole
mobility of the doped samples was similar to that of undoped samp.>s. All
these inferences indicate that phosphorus behaves amphoterical’'y in
Hgo, eCd o, 2Te(s) acting as a single acceptor occupying interstitial and
tellurium lattice sites at high Hg pressures and as a single donor occupying Hg
lattice sites at low Hg pressures; at intermediate Hg pressures, the majority
of the phosphorus appears to be present as electrically neutral pairs forme.
from the association of the interstitial and substitutional phosphorus species,
(F}Png)x. At low Hg pressures, a large fraction of the phosphorus

appears to be present as (PHgVHg)' and (PHgVHg)®.
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Thermodynamic constants evaluated for the incorporation of the various phos-

phorus species satisfactorily explain the experimental results.

Key words: 11-VI compounds, Hgo, eCdo, 2Te, phcsphorus doping, hole mobil-

ity, defects, ionized impurity scattering.
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I. INTRODUCTION

The mode of incorporation of phosphorus in CdTe has been studied in
detail by Selim and Kroger [1] who correlated their own electrical data with
the diffusion and solubility data of Hall and Woodbury [2] to arrive at the
defect state. According to their findings, phosphorus behaves amphoterically
in CdTe acting as an accepter interstitially (PE) and on Te lattice sites
(P'7e) and as a triple donor on Cd lattice sites (PCd ); at high phosphorus
concentrations, a large fraction was found to be present as neutral associates
(PCdPi)x. In this paper we have undertaken to examine the role of
phosphorus in Hgo_8Cdo, 2Te via Hall effect and mobility measurements on
phosphorus doped crystals quenched from 450-600°C subsequent to anneals in dif-
ferent partial pressures of Hg. The results indicate that the behavior of
phosphorus in Hgo eCdo, 2Te is similar to that established for CdTe [1]
except that all the electrically active phosphorus defect centers in
Hgo, eCd o, 2Te appear to be only singly ionized. At low Hg pressure, phos-
phorus is incorporated as a single donor occupying i lattice sites (Pﬁg) and
at high Hg pressure as a single acceptor on interstitial sites (Pg) and Te
lattice sites (P%e). At moderate Hg pressures, a large fraction is found to
be present as neutral pairs (PHgPi)x. At low Hg pressures, electri-
cally active associates (Pugvug)' and (PHgVHg)' appear to be present in
appreciable concentrations. The equilibrium constants established for the

incorporation of the various phosphorus defects explain the experimental

results satisfactorily.
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Preparation of the Phosphorus Doped Crystals

A phosphorus doped Hgo,eCdo 2Te 1ingot was grown by the solid
state recrystallization method [3]. Phosphorus corresponding to a concentra-
tion of 10'9cm'3 was added to the starting charge. Single crystal slices
were then cut from the boule. The slices were lapped, polished, etched in Br

methanol! and rinsed in DI water prior to the anneals.

B. Hgq Vapor Anneals

The samples were annealed in evacuated quartz ampoules containing
some Hg to obtain the desired Hg pressure [4]. In isothermal anneals, the par-
tial pressure of Hg was dependent on the amount of Hg and the volume of the
ampoule. In non-isothermal anneals, the partial pressure of Hg was determined
from the temperature of the Hg. The limits of Hg pressure-with’n which
ngo, oCd o, 2Te(s) s stable--were obtained from the partial pressiure data of
Tung et al. [5]. In order to assure ourselves of equilibration within reason-
able annealing times, the sample thicknesses were restricted to less than 0.04
cm. Annealing times ranged from 72 hours at 550 to 600°C to 7 days at 500°C and
approximately 4 to 6 weeks at 450°C. These annealing times appeared to be
satisfactory for complete equilibration. Subsequent to the equilibration in Hg

vapor, the ampoule containing the sample was quenched in ice water.
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Hall effect and electrical resistivity measurements were carried out
using the Van der Pauw method [6]. Magnetic field strengths of 400 gauss and

4000 gauss were used for the measurement of the Hall coefficient,

D. Chemical Analysis

The concentration of phosphorus in the samples was mass spectrograph-
ically analyzed (Photometrics Inc., Woburn, Mass.) and the concentration deter-
mined from the analysis was clese to what had been added to the starting

charge within * 20%.
ITI." Results

Only those Hall effect data where the Hall coefficient did not vary
with the magnetic field were used in evaluating the carrier concentra ion.
This procedure ensured that the samples did not exhibit mixed conduction 7]
and thus an unambiguous evaluation of the carrier concentration was possible.

The carrier concentration was evaluated using the expression:

norp= W

Figure 1 shows the Hall coefficient as a function of the temperature
of measurement from temperatures below 77 K to 300 K for phosphorus doped
samples annealed at various temperatures in different partial pressure of Hg.

The data indicate that the phosphorus centers are all 1{onized at 77 K;
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therefore ail the Hall measurements were carried out at 77 K and the resulting
hole concentration was assumed to give a measure of the concentration of the

defects at the higher annealing temperatures.

Figure 2 shows the hole concentrations obtained in samples doped with
10" %nm? of phosphorus which were annealed at various temperatures in differ-
ent partial pressures of Hg; the data shown in Figure 2 are replotted in

>

Figures through 6 for different temperatures of anneal. Additional data
shown in these fiqures include the hole concentration and hole mobility
obtained in the undoped samples as well as the hole mobility in the phosphorus
doped samples, all of which are plotted as a function of the partial pressure

of Hg.

Several inferences can be made from the results of Figures 2

through 6. They are:

(1) The hole concentration in the phosphorus doped samples is lower
than the total concentration of phosphorys in the samples and
lower than the intrinsic carrier concentration for
Hgo,8Cd o, 2Te(s) at the temperatures of annealing reported

here [4].

(2) The hole mobility in the phosphorus doped samples increases with
increasing partial pressure of Hg Jjust as is the case for

the undoped samples.
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figure 2. Hole Concentration at 77 K as ¢ Fugstion of the Partial Pressure
of Hg for Phosphorus Doped (10 Iem ) Hgg, gCdp, ,Te Crystals
Quenched to Koum Temperature After Anneagfng at Different
Temperatures.
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PARTIAL PRESSURE OF Hg, atm

Hole Concentraticn and Hole Mobility at 77 K as a Ft{gctjgr; of
cm

the Partial Pressure of Hg for Phosphorus Doped (10

H3y,gCdg,2Te Crystals Quenched to Room Temperature After
Annealing 450°C. Similar data are shown for undoped samples
annealed at 460°C [Reference 4], The solid and the dashed lines
show the calculated hole concentrations to be expected in the
doped and the undoped samples on the basis of the defect model.
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Figure 4. Hole Concentration and Hole Mobility at 77K as a prctign of
the Partial Pressure of Hg for Phosphorus Doped (10" %cm 3)
and Undoped [Reference 4] gy, gCdy ,Te Crystals Quenched to
Room Temperature After Equilibration at L00°C; the solid and the
dashed lines show the calculated hole concentrations to be
expected in the doped and the undoped samples on the basis of
the defect model.

3-61

8203-01

> W7)) ‘A/Z“" ALINSOW 310H

PRI TR

Aot gy



'n"‘

ORIGINAL PRCE B3

OF POOR

QUALITY

[-———PHASE BOUNDARY LIMITS __l

10"
— EXPERIMENTAL POINTS 'OPED  UNDOPED -
— HOLE CONCENTRATION A ¢ e —
| 77 K) T =55°C _
- HOLE MOBILITY 77 k) A @) -
"3 — G
R N\ "’oop
E - .\ Q 0
5 HOLE CONCENTRATION 4 t
Z~ \ :/t/**
C 10‘8
= — Q —
é — \* =
& — ( _
y L N\ _
S L N
w a \ % —‘
e - o Re —
I o a ‘\\
o [ \
7 § o HOLE MOBILITY ——XN—*1
10 L1 18111 R EEEI
107! 1.0 10
PA: AL PRESSURE OF Hg, a:m
Figure 5.

8203-01

Hole Concentration and Hole Mobility at 77 K as a FYnctign of
the Partial Pressure of Hg for Phosphorus Doped (10'%cm™3)

and Undoped [Reference 4] Hgg gCdg. ,Te Crystals Quenched to

Room Teuperature After Equilibration at 550°C; the solid and the
dashed lines show the calculated hole concentrations to be
expected in the doped an' the undoped samples on the basis of

the defect model.
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the Partial Pressure of Hg for Phosphorus Doped (10'°cm

figure 6. Hole Concentration and Hole Mobility at 77 K as a Fchtigr)l of

and Undoped [Reference 4] Hgg gCdy ,Te Crystals Quenched to
~oom Temperature After Equilibration at 600°C; the solid and the
dashed lines show the calculated hole concentrations to be
expected in the doped and the undoped samples on the basis of
the defect model.
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The hole concentration in the phosphorus doped samples increases
with increasing partial pressure of Hg; the hole concentraticns

at high Hg pressures are higher than found in the undoped

crystals.

The hole concentration in the samples annealed at 500°C and

450°C under very low Hg pressures is less than that obtained in

the undoped samples for comparable arnealing conditions.
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IV. DISCUSSION

A. Defect Equilibria

The way in which the concentration of defects varies as a function of
the total phosphorus concentration in the crystals, temperature and partial
pressure of Hg(g) (or partial pressure of Te2(g)) is well described by the law
of mass action approach pioneered by Xroger and Vink [8-9]. The defect struc-
tures of undoped Hgo eCdo 2Te and Hgo, eCdo, vTe, Indium doped and lodine
doped Hgo eCdo 2le have already been established using this approach
(4,10-12]. In such an approach, the various defect formation reactions are
formulated along with the respective mass action constants. All the species in
the electroneutrality condition and the phosphorus balance equations are then
expressed in terms of one of the phosphorus species, electrons or holes and the
various mass action constants. For given values of the various mass action
constants the solution of the electroneutrality and the phosphorus balance
equations yields the concentration of all the defect; as a function of the
temperarure of anneal, partial pressure of Hy and t-» concentration of phos-
phorus. Although exact solutions are sought using « fect model, the choice
of the various possibilities is inittally reduced by considering only the domi-
nant members of the electroreutrality conditfon and approximating the phos-
phorus balance equation. When such approximations are used, simple solutions
for the variation of the defects as a function of the partial pressure of Hg
an'g phosphorus concentration fall out of the mass action relations; solutions
will be of the form concentration = pfyg[PTor)S where r and s are inte-
gers or fractions. The defect formation reactions along with the mass action

relations, the electroneutrality . _adition and the phosphorus balance
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equation are all listed in TableI. Only tﬁbse defects which were found to he
important as a result of the present work are shown in Table I, Table II lists
the exponents of the partial pressure of Hg and the phosphorus concentration
for all the defects for various approximations to the electroneutrality condi-

tion and the phosphorus balance equation.
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B. Choice of a Defect Model

Cased on the fact that P belongs to group V, Hg to group II and Te to
group VI, a number of different phosphorus species can be expected depending on

the type of lattice sites occupied. These are:
Interstitially P., P. ... P, (Acceptors)
Substitutionally PHg' PH and PHg (Donors)

(occupying Hg lattice site)

Substitutionally P}e (Acceptors)
(occupying Te lattice site)

Pairs - a) (P‘ Hg) . (P] Hg ., (P. PHg)

(°; PP ,(Ppﬂg)

) s PiPe) s PP

X
b) (pHgng) . (pHgng) and (PHg Hg

c) (pm Te) ’ (meT ) and (pm Te)

The data shown in Figures 3 through 6 indicate that *he hole mobility
values obtained in the phosphorus doped samples are comparable to those in the
undoped samples for similar partial pressures of Hg and temperatures of anneal-
ing even though at high Hg pressures, the hole concentrations in the phosphorus
doped samples are higher than in the undoped samples. This inference already
precludes the possibility of the presence of multiply electrically charged
pﬁosphorus species in large concentrations since such species can be expected

t5 behave as much stronger scattering centers than the singly charged species,
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thus causing the hole mobility in the phosphorus doped samples to be consider-
ably lower than the hole mobility in the undoped samples contrary to the

experimental results. The species of interest are reduced to

Pie Pt Pres Puglig) + Prgli) s (BuPred o (PyPu)s (P V)™ and
(PHgPTe)*.  The fact that the hole concentrations obtained in the phos-
phorus doped samples are much lower than the total phosphorus concentration in
the samnles (1019 cm"a) indicates that most of the phosphorus 1is present as
neutral species in the form of (PiPHg) X, (PugVhg) X or
(PugPTe)*. It fs also to be noted that the hole concentrations obtained
in the phosphorus doped samples (Figures 2 through 6) are smaller than the
intrinsic carrier concentrations to be expected at the temperatures of anneal

reported here [4]
The choice of a defect model is reduced to:
(1) (o] = [p7] = /;# £ (pyg) and [(PPr)*] = [Pyyr2]
(2) fe']=[n"]= 7K;# § (pyg) and [(Py V) 1= [Py, ]

and (3) [e']= (0] = y# f (py) and (PP ) 1= (P yolr2

The expected power dependences of the various defects on the partial pressure
of Hg for the above defect model situations are listed in Tableir. Models 1
an}: 2 for which [Proes2] =  [(PugPre)*] or  [(PugVig)* 1/2 predict
much stronger dependences of [Pﬁg] on pHg and the search did not result in
a consistent set of mass action constants for the incorporati~n o tha varicus

phosphorus species which could explain the experimental results of Figures 3
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through 6. The third defect model for which le'] = [h*] = Ky ¢ }(pHg)
and  [(PiPug)%] = [Prot)/2 successfully explains the experimental re-
sults of Figures 3 through 6; for such a situation it can be deduced from the

mass action relations of Table I that

1/2,[P / 2 -3/2

/2 1p° '
V2, [p, v [Py Vi) T e myg

) - ] 3
[Py ] a myg g) ® Mg Te | @ Py
and [(PHgVHg)’] a Pug°3/‘. These exponents are listed in Table II,
It should be mentioned here that although our initial considerations for the

electrically active phosphorus species were restricted to the simple species,

. 1
Pi ’ Pﬁg and Pr1e, it was immediately realized that the experimental

results warranted the introduction of the species (PHgVHg)' and

(PHgVHg) * also.

The pairs (PygVhg)® are formed from the association of the species
Pug " " and vh; whereas Pﬁg and V;;; make up the pairs (PHgng)'.
The explanation for the presence of appreciable concentrations of
(PHgng)' without the presence of large concentrations of isolated

pHg'“ species lies in the fact that the donor energy level of the Pﬁa

species (which upon ionization gives PHg"‘) may lie outside the forbidden

gap (in the valence band) and pairing may bring its level to within the gap
[13]. Examples of such level variations upon pairing have been found by us

earlier for Cds: Ag[14] and Si: Se [15].
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C. DEFECT MODEL CALCULATIONS AND COMPARISON WITH
EXPERIMENTAL RESULTS

In this section we examine the validity of the proposed defect model
for phosphorus doped Hgo, gCdo, 2Te from a comparison of the electrical data
with those one calculates from the defect model. Although the defect model
arrived at in the previous section took into consideration the mobility data
also, it will become apparent from discussions in this section that the agree-

ment between the experimental values and calculations (based on the defect

model) is better for carrier concentration than for hole mobilities.

C.1 Analysis of the Carrier Concentration

According to the defect model deduced in the previous section, the

[} ] '
phosphorus  species of interest are Py, Pﬁg, PTe » (Pﬂgng) ,

(PHgVHg) * and (PPyg)X.

The complete electroneutrality condition is written as:
e 142 [y Lo TPl TPr ] [(Puvg) 1= 7] [Py 1o [PV "] (1)

Expressing all the species in terms of [h*], Pyg 2nd [(PiPHg)x] via

the mass action relations listed in Table 1, we get:

" X11/2 1/2
Ky 2 Kyyg \ [(PiPHg)] P

O R ) R e

1/2 af2 X 1/2
LA M L™ ]
[h* ]
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o K [(P,P,.,_,)"]"2 Kikg
T2

K
+ P (PHQ Hg

[h ] pHg

. /
e [h°] [P Py 12

-[n) -
qulfz
;{,:g " (W1 [Py 1VE .
3/2

Pig -- (2)

The phosphorus balance equation is written as:

Pyd s Pl [op ]+ [Py¥y) ]
+ [(vaﬂg) ]+ 2 [(P Hg) ] [ t] - (3)

N ~ : ' ' ' [ ]
The  concentrations of the species Py{', Pre | (pHgVHg) v Pug
and (Pngvng) are respectively given by the III, IV, V, VII and VIII terms

of equation (2).

The concentration of holes obtained in the crystals cooled to 77 K is

given by: '
P(717 K) = [p ] + [p ]+ [(p"gvng) l+2 [vH;]

—_ [PHg] = [(pHgng) ] e (4)

(The assumption made here §s that the eleétrons and holes recombine during

quenching and only the atomic defects are frozen in [8-9].)
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The concentrations [Py’ ], [Pre' ], [(PHgVHg).]' 2 [vhg 1,
[Pﬁg] and [(PﬂgVﬁg)'] in equation & ure respectively given by the III,
IV, v, II, VII and VIII terms of equation (2).

Of the mass actfon constants K;, Kauq. KPHg‘ KpTe,

KP(Pug¥rg)' 8™ K(PugVig)', Ki and  KyHg are  known  from

earlier work on the undoped crystals [4] and are give» by:

K, = 9.16 x 10" exp (-0.57 eV/{)em™® -~ (5)

i

Kypg = 158 x 10%% exp (-2.24 eV/\p)em 3 atm -- (6)

With the knowledge o0f th» constants Kj and K%Hg and [PTot] = 10l9cm°3.

a procedure of trial ana error was used to arrive at the valvss of the other
mass action constants such that a solution to equations 2 ena 3 yielded nole
concentrations at 77 K (using equation 4) which agreed best with the
experimentally observed values; the concentri ions of all the defects present
in the crystal are also immediately obtainea .om the various terms in equation
{2). The hole concentrations calculaeted from the defect model! are shown in
Figures 3 through 6 as solid lines; the agreement between the calculation
the experimental values appears satisfactory particuia.,ly at 450 C and 50v .
The agreement s not as good 2t 550 C and 600 C probably due to quenching
1ne;fic1ency [4] at the higher temperatures. The calculated defect isotherms

for various annealing temperatures are shown fin Figures ! Lwruzh 10. The
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Calculated Cancentrations of ‘e‘]. [h-}
Pre']s £PHg]- [(PHgVHg)']- [ PHgvH )!
(°:Py as a Function of the Partial Pressure of

Hg 350°C; ‘-2 expected Fnle concentration in the crystals
cooled to 77 K is indicated as a dashed line along with the
experimental results.
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PARTIAL PRESSURE OF Hg, ATMOSPHERE

Calculated Concentrations of [ R [h'] [ng] (Pi']s

PTe o [Pig)s [(PrgVhg)®], | PH Vig)

PiPy as a Function of the ar ial Pressure of
Hg at gOO C; the expected hole concentration ir the crystals
cooled to 77 K is inaicated as a dashed line along with the
experimental results.
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defect isotherms show the concentration of the 2lectrons, holes and the various
phosphorus defect species as a function of the partial pressure of Hg. The
calculated hole concentrations expected at 77 K along with the experimental
values are also indicated in the figures. It is apparent from the defect
isotherms that the crystal is essentially intrinsic at the annealing tempera-
ture except at Mg pressures close to Hg saturated or Te saturated conditions
indicated by the phase boundary limits in the figures. It should also be noted
that most of the phosphorus 1{s present as neutral (P,-PHg)x almost
throughout the existence rerion of the crystal except at Hg pressures close to
the Hg saturation and Te saturation conditions where the electrically active

phosphorus species become significant in concentration. The calculated hole

concentrations at 77 K are extremely sensitive to the value of the total
phosphorus concentration in the crystals at the lowest Hg pressures where the
crystals are very closely compensated (Figures 7 through 10) and the hole
concentration in the cooled crystals is much smaller than the concentration of

the electrically active native as well as phosphorus defects.

The mass action constants for the incorporation of the various phos-

phorus <pecies resulting from the present work are listed in Table III.
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C.2. Coulombic Values for the Pairing Constants KP(P1?Hg)x and
)! -

Kp
P (Pﬂgng

The pairing constant is given by Kp = Ko exp (-Hp/KT). The

Coulombic value for the enthalpy of pairing is given by

-1,2,q2 ref. 13
N - 122 [re ] 7
P er

Where 2, and Z, refer to the charges of the two species comprising the pair,

and r to the distance between them,

Not ng that r,  , = 3.23 A and
i Hg
rPHq- Vg = 45
HP(PiPHg)x = -0.252 ev
and Hp(pHgVHg)' = -0,36 ev

while analyzing the Hall effect data, the const.nts Kp(p_pH )X and
1 g

X , were chosen s.ch that their temperature dependences were

P(PrgVug) perature  dep

close to the above coulombic values (Table III). The preexponent or the entropy

term (K;) is expected to be - 4.0 [13]. However, as can be noted from Table

11}, the preexponents needed to explain the experimental results are much larger

than 4 particularly for KP(P'iPHg)x'
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C.3. Analysis of the Hole Mobility g?l;icl;OR QUALITY

It is known from the results nf previous work [4] that ionized impur-
ity scattering contributes to the mobility of holes at 77 K in
Hgo, sCd o, 2Te. Similar to the procedures used previously, [4] we have
undertaken to calculate the hole mobility due to ionized impurity scattering
which is then used to calculate the overall mobi'ity by reciprocally combining
the mobility due to lattice scattering with the mobility due to ionized
impurity scattering. The number of ionized impurity scattering centers
obtained at different Hg pressures for different temperatures of anneal as

calculated from the defect model is shown in Figures 7 through 10,

For a non-degererate semiconductor with parabolic bands the mobility

due to ionized impurity scattering as given by the Brooks Herring Expression is
b = 27/2 g -3/2 (kT)3/2 (€€ )2 (m )-1/2 (m*/m )-1/2 N1 log_(1+b) - b -1

2
where b = 24 mo (m*/mo) k (eoes)

(8)

eZth.

and p = p (N - Ny - p) (b v NN, (9)

In the ab. expressions, k is the Boltzmann's constant, T is the
temprature, €5 is the free space permittivity, €& 1is the static dielectric
congtant, mg is the free electron mass, (m*/mo) is the effetive mass ratio
for holes, Ni is the number of scattering centers given by the total number
of ionized donors and acceptors, e is the elect-onic charge and # is the

planck's constant.

3-83
8203-01



-

with T = 77 K, (m*/mg) (holes) = 0.7 [16] ¢ = 17.5 [16] the expression for

the mcbility due to ionized impurity scattering becomes .

- 21y .1 b Ya
uo= 1020 N, {loge (1+b) l+b} (10)

and 5 = 1,05 x 10! %p 11
P ORIGINAL PAGE IS (11)

. OF POOR QUALITY
for undoped crystais N, = 4 {Vao] (12)

tor phosphorus doped crystals

R O L O (V0 R (PR S R (W0 00 I I 740 B

The multiplying factor of 4 for the species Vﬁg arises in expressions 12 and
13 for N; since these centers are doubly charged (z=2) and hence four timas
as strong in scattering as the singly charged centers. Since the defects are

completely ionized at 77 K in both the undoped crystals and the phospho: 1s

doped crystals (Figure 1)
p' =p (77 K) =2 [Vﬁg] (anneal temperature) for the undoped crystals

and p' = p (77 K) =[P, 1+ [P 1+ [(PygVig) ' T+ 2V 1 - - [(PygVig) ]

for the phosphorus doped crystals.
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From the values of p (77 K) for the phosphorus doped crystals and the
concentrations of all the defects as a function of the partial pressure of Hg
as given by the defect isotherms of Figures 7 through 10, the hole mobility due
to ionized impurity scattering was calculated by reciprocally adding the lat-
tice mohility and the mobility due to fonized impurity scattering. From the
results on undoped crystals, the hole mobility due to lattice scattering was
assumed to be - 700 cm?/vsec at 77 K for Hgo eCdo, 2Te [4]. The results
are shown in Figures 11 through 14 where calculavad hole mobility is shown as a
function of the partial pressure of Hg for various temperatures of anneal; the
experimentally measured hole mobilities are also shown in the figures. From
the figures, it is apparent that the trend in the variation of the calculated
hole mobility as a function of the partial pressure of Hg 21grees with the
experimental results for the phosphorus doped ciystals as well as the undoped
crystals. The calculated values for the phosphorus doped crystals decrease
Jdrastically at the lowest Hg pressures since the total number of charged
defects increases rather strongly under Hg deficient conditions (Figures 7
through 10); in addition, the expected hole concentrations at these low Hg
pressures are much lower than for the undoped crystals particularly at 450°C
and 500°C. The reduced screening (due to the lcw hole concentrations) of the
coulombic field of the ionized scattering centers along with the rathar high
concentration of charged defects explains the drastic decrease of the calcu-
lated hole mobility at the lowest Hg nressures. However, the experimental hole
mobilities are larger than the calculated values at the lowest Hg pressures.
The discrepancy can be qualitatively explained by assuming that a fraction of
thé;charged phosphorus defects precipitates during cooling. More sophisticated

calculations are needed to explain the results better,
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HOLE MOBILITY, cm’/vs (77 K)
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Calculated Hole Mobility at 77 K as a Function ?f thg
Partial Pressure of Hg for Phosphorus Doped (10 Iem™3)

Hgy .gCdg,,Te Samples Quenched to Room Temperature . ter
Equilibration at 450°C; calculation for the und.ped crystals
after equilibration at 460°C is also shown along with the
experimental values for both the doped and the undoped
crystals.
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HOLE MOBILITY, cmz/vs (77 K)
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Figure 12. Celculated Hole MoLility at 77 K as a Function ?f t'_wg
Partial Pressure of Hg for Phosphorus Doped (10%¢m™3)
and Undoped Hgo oCdy, ,Te Crystals Quenched to Room
Temperature After Equilibration at 500°C; experimental
values are also shown for comparison.
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HOLE MOBILITY, cm2/vs (77 K)
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Calculated Hole Mobility at 77 K as a Funrction ?f thg
Partial Pressure of Hg for Phosphorus Doped (10°Jem™ )
and Undoped Hgy gCdy ,Te Crystals Quenched to Room
Temperature After Equiiibratior. at 550°C; experimenta)
values are aiso shown for comparison,
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HOLE MOBILITY, em2/ve (77 K)
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values are also shown for comparison,
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D. Comparison with the Defect State in Phosphorus Doped CdTe

The defect model established in the present work for phosphorus doped
““o.aCdu,QT“ ts very similar (o the one established for phosphorus doped CdT.-
.l}]. In both HgO.SCdO.ZTe and CdTe, phosphorus cccupies interstitial and Te
littices acti-g as an acceptor while it acts as a donor occupying metal lattice
sites. The cifference however is that isolated phosphorus donor species are
found to be triply ionized in CdTe [1] whereas in Hg, oCd, ,Te it is found to
be present only in the singly ionized state. Considering that the band gap of
“80.BCd0.2Te is only 0.1 eV compared with the value of 1.6 eV for CdTe it is
understandable that the energy levels of the doubly and triply ionized states
of the phosphorus donor species could lie below the valance band edge in
HgO.BCdO.ZTe whereas they lie within the gap in CdTe. In bhoth HgO_BCdO.zTc and
CdTe a large concentratior of phosphorus is found to be present as neutral
pairs (PHgPi)x and (Pchi)x respectively. At low Hg pressures a considerable
fraction of phosphorus is found to be present as (Pﬂgvﬂg)' and (Pﬂgvﬂg)‘ in

A .
(Hg gCd, .)Te whereas similar species (P .V ,)" and (P V.,)" have not been

reported for Ca'e {.].
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ORIGRIAL PR
V- SUMMARY oF PCOR QUALTY.

Phosphorus doped Hgo_ eCdo 2Te single crystals were annealed at
450°C to 600°C in different partial pressures of Hg. Hall effect measurements
were made on crystals quenched to room temperature after the anneals. The
results are explained on the basis of & defect model in which phosphorus
behaves amphoterically acting as a single acceptor in interstitial sites at
high Hg pressures and occupying Te lattice sites (P% and P%e) and as a
single donor occupying Hg lattice sites (Pﬁg). Most of the phosphorous
appears to be present as neutral pairs (PiP"g)* at moderate Hg pressures
while a considerable fraction also exists paired with the native acceptor
defects (Pﬂgvug)‘ and (PHgVHg)° at low Hg pressures. Equilibrium
constants for the incorporation of the various phosphorous species have been

evaluated.
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SECTION 4
SUMMARY

Single crystal samples of undoped and doped Hg,.4CdyTe were
annealed at varying temperatures and partial pressures of Hg. Hall effect and
mobility measurements were carried out on these samples after quenching to room
temperature. Based on the variation of the carrier concentration and the
carrier mobility as a function of the partial pressure of Hg, temperature and
dopant concentration, defect models have been established for the doped and the
undoped crystals. These models indicate that the native acceptor defects in
both Hgg,gCdy, ,Te and Hgy ¢Cdy Te are doubly ionized and the native
donor defects are negligible in concentration, implying that p to n conversion
in these alloys occurs due only to residual donors. Incorporation mechanisms
of copper, indium, iodine and phosphorus have been investigated. Copper and
indium appear to occupy only Hg lattice sites acting as single acceptor and
single donor respectively, whereas iodine is found to act as a single donor
occupying only Te lattice sites. A large concentration of indium is found to
be incorporated as In,Te3 with only a small fraction acting - donors. In
crystals doped with iodine a large fraction of iodine is found to be paired
with the native acceptor defects. Results on crystals doped with phosphorus
indicate that phosphorus behaves amphoterically acting as a donor on Hg lattice
sites and as an acceptor interstitially on Te lattice sites. A majority of the
phosphorus is found to be present as neutral species formed from the pairing
reaction between phosphorus on Hg lattice sites and phosphorus in interstitial
sites. Equilibrium constants for the intrinsic excitation reaction as well as
for the incorporation of the different dopants and the native acceptor defects
have all been established. These constants satisfactorily explain all the
experimental results in the undoped as well as the doped crystals.

As a result of the work performed on this program, it is possible to
predict the nature and concentration of defects obtained in Hg;_yCdyTe
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compounds as a function of the annealing temperature, partial pressure of Hg
and dopant concentration. It is now possible to vary the concentration of
defects controllably as a function of the crystal preparation conditions and in
turn correlate the physical characteristics such as carrier lifetime and
carrier concentrations with defect centers in the crystals,
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